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EVAPORATION RATE FROM FREE WATER SURFACE
Safa M. Aldarabseh, Ph.D.
Western Michigan University, 2020
This work aims to perform an experiment in the laboratory and investigate the
effect of the wave steepness, airflow velocity, air relative humidity, air temperature,
and water surface temperature on the evaporation rate from still and wavy water
surface. In this investigation, the experimental results are used to quantify an
evaporation rate from a still and wavy water surface under different convection
regimes that are free, mixed, and forced convection under turbulent airflow
conditions. Empirical correlations are also derived using the experimental results
based on modified Dalton’s law and Similarity method (analogy between mass and
heat transfer equation). In this experiment, the applicability of two of these
approaches (similarity theory and Dalton’s law) to predict the evaporation models
are investigated. The empirical correlations are obtained in this experiment for
natural, mixed, and forced convection under turbulent airflow conditions based on
modified Dalton’s law and are verified by comparing with 12 empirical correlations
found in the literature. The laboratory measurements are made using the large wave
tank-wind tunnel combination in which both wind speed and wave parameters are
controlled.
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f

Function describing the forced convection component.
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Convective heat transfer coefficient.

x
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Airflow velocity.
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1. GENERAL INTRODUCTION
1.1 Background
An evaporation process is defined as the process in which liquid changes to gaseous
at free surfaces. An evaporation process happens below the boiling point through the
transfer of heat energy. Based on the kinetic theory of evaporation, molecules of water are
in a constant state of random motion, colliding with each other, and rebounding in the liquid
state. These molecules are held in balance by their cohesive force. When some molecules
gain enough kinetic energy to overcome this cohesive force and breakdown from the water
surface, thus forming gaseous molecules[1–4].
The knowledge of the evaporation process has become increasingly important over
the last decades. The knowledge of the evaporation process is instrumental in conducting
water budget research for preserving water resources and planning water. It is beneficial in
remote sensing applications to forecast weather and natural calamities, such as cyclones and
a thunderstorm, by detecting low pressure and high-pressure regions due to evaporations.
The evaporation rate information is used in the power plant applications that use water as a
working fluid for heat exchanger. Available details on evaporation will help us to understand
the effects of the temperature change of the free water surface[1, 5].
Evaporative loss, including mass and heat losses from a water surface, is the result of
two separate processes. The first process called the free evaporation; is caused by the partial
vapor pressure difference between air just above the water surface and the ambient
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surroundings, meaning the heat and mass transfer by the molecular motion (diffusion).
Diffusion effects will be the predominant near the water surface where the fluid velocity is
low, also based on the existence of weak vertical currents, above and below the water
surface, caused by density instabilities will contribute to evaporation rates in the absence of
wind. The second process called forced evaporation; is caused by the combination of flow of
moving air across the water surface(advection) with diffusion.
There are the countless number of experimental expressions developed at predicting
the water evaporation rate from free still water surface to the quiet air or the ambient air[6–
15], [16–22]. On the other hand, there are lesser numbers of theoretical working formulas
that are connecting to the empirical equations, and this is maybe due to the complexity of
the evaporation process.
The most common empirical correlations can be classified into two categories:
correlations based on Dalton’s law[23], and correlations based on the analogy between heat
and mass transfer[1–3]. Dalton’s law states that the water evaporation is directly
proportional to the difference in vapor pressure at a temperature of free water surface and
vapor pressure at the temperature of the moist air above the free water surface, and that the
velocity of the wind affects this proportionality. Many researchers have obtained their
empirical correlations based on Dalton’s law in this form, i.e., E =

(A+BV)( 𝑃𝑣,𝑠 −∅𝑃𝑣,∞ )
hfg

. Where

A and B are unknown constants, ∅ is the relative humidity, hfg is the latent heat of
vaporization of water, and V is wind velocity[9,20], [16–18].
There are significant conflicts between the coefficient A and B, which are a result of
multiple parameters, like airflow velocity and air temperature, that have been measured at
inconsistent heights, producing many equations with identical structure but with different
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values of these constants. These conflicts come from different meteorological data collection
procedures, standards, and climate conditions were considered. The most important reason
for these discrepancies result from the fact that the relationship between the evaporation
rate and vapor pressure difference is not linear[8, 14, 21, 24]. Studies indicated that the
water evaporation rate increased with increasing the surface water temperature to a specific
point, then the water evaporation rate decreases with the surface water temperature
increase, and this means that the evaporation rate is not directly linearly proportional to the
vapor pressure difference between the water surface and moist air above the water surface,
𝑛

and may be related to its exponent relation, i.e., ( 𝑃𝑣,𝑠 − ∅𝑃𝑣,∞ ) , with the power of n less than
unity[25].
The other approach used to predict evaporation rate is known as similarity theory
which is a standard basis used to predict evaporation rate from free water surface. Similarity
theory states that convective heat and mass transfer are analogous phenomena under
certain conditions[3]. Based on this theory, the convective heat transfer, correlating in the
form of Nusselt number, can be utilized to find the mass transfer rate if the Prandtl number
is replaced by the Schmidt number and Grashof number is replaced by the mass transfer
Grashof number[1–3], [13, 19, 21], [26–28].
The free water surface is the surface of a fluid that is subject to zero parallel shear
stress, such as the boundary between two homogenous fluids. So, the shape of the free water
surface is more precisely the water-air interface, that different shapes of wave deform the
interfacial surface of the water and air, the shape of the waves ranging from small waves
(capillary waves) with micrometers length to larger waves (gravity waves) with higher
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wavelengths. Categorization depends on the depth of water from shallow, intermediate, and
deep depth. There are many hypotheses in which waves might affect evaporation.
Firstly, the supply of water, energy, and a gradient of humidity are not enough to
maintain the evaporation process. However, the water vapor must be transported away from
the water surface into the atmosphere, or the humidity gradient would soon decay and
reduce the evaporation. So, wind and turbulence play a critical role in maintaining the value
of saturation deficit[21]. Because of that, increasing waves may form an increasingly rough
surface, and thus, increase the turbulent transport of water vapor. Also, the existence of
bubbles, breaking on the wave crests, might create a significant decrease in the water surface
resistance to mass flux, therefore increasing the evaporation rate[29-30]. Also, more
importantly, that is, the creation of a water vapor source above the water surface level due
to spray blown off breaking waves.
Brutsaert and Yeh (1970) state that “it is not inconceivable that under certain
conditions evaporation decreases with increasing roughness’’[31]. That means the
evaporation rate can be larger than that measured under the same airflow velocity
conditions with no existing waves. Sartori (2000) said that the evaporation rate with welldeveloped waves could be smaller than that measured under the same airflow velocity
conditions with no existing waves[6].
Secondly, waves organized the airflow above the water surface instead of making the
water surface aerodynamically rougher. A proposal in that direction was suggested by
(Easterbrook 1969, Stewart 1961 and Phillips 1957)[30, 32, 33].
Easterbrook (1969)[30]stated that for the specific combinations of well-developed
waves and airflow velocity, the evaporation rate could be lower than that measured under
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the same airflow velocity conditions with no existing waves. Easterbrook attributed this to
the air trapped regions (dead air regions) that were observed at the lee of the wave crests
and vortices at the wave troughs. The air trapped regions would seem to act as a barrier to
eliminate the vertical transport of water vapor from the water surface; then, the evaporation
rate decreases.
Stewart (1961)[32] said that traveling and developing waves on a water surface may
allow an organized airflow pattern near the water surface. This organized airflow pattern,
while being able to transport momentum, would seem to act as a barrier to mass and heat
transport. In other words, their pattern might increase in the water surface resistance to
mass flux and consequently decrease the evaporation rate.
Phillips (1957)[33] suggested that a specific combination of wave conditions and
wind speed might be favored to organize airflow patterns near the water surface, as Stewart
said. All researchers above agreed about one fact: the evaporation rate from the water
surface is affected by the waves or surface roughness.
On the other hand, there are many conflicts about the effect of waves or surface
roughness on the evaporation rate related to the effect of airflow velocity on the evaporation
rate. That problem is still unsolved completely and requires more experimental and
theoretical work. These arguments and many unknowns in the evaporation rate process
related to waves or surface roughness on the evaporating surface motivated this
investigation.
This experiment will focus on gravity waves. Waves are the disturbance caused by the
movement of energy through a medium. For an ocean wave, the distributing force can be
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wind energy, earthquake(tsunami), landslide, tidal force, and change in the atmospheric
pressure[34].
In this research, these waves were produced by using a mechanical force such as a
motor-driven paddle, at one side of a flume tank. The amplitude and frequency of the paddle
can be controlled in the paddle drive system. Therefore, setting the desired wave
parameters, two wave parameters were considered in this investigation that are, the wave
steepness parameter, which is defined as the wave height to wavelength ratio (H/L), and
wave height to wave period(H/T). Corresponding to kinds of literature, the correlation of
either of these two parameters with the evaporation data produced the same results. Also,
based on literature, this parameter (H/T) would seem more appropriate for two reasons:
wave period is more straightforward to measure than the wavelength, and the parameter
(H/T) contains information on wave velocity as well as wavelength[30].
The variations of wave height are due to the change of wave period, and the wave
height can be measured by using three different methods: conventional method using two
Honeywell Pressure Sensors were mounted at the bottom of the flume tank at two different
locations, theory of transfer function of the flap wavemaker (relation between wave height
and the wave paddle stroke), and the PIV Images analysis.
There are three different gravity waves, which are deep water gravity wave,
transitional or intermediate water gravity wave, and shallow water gravity wave. Firstly, the
deep-water gravity wave means that the depth of still water is greater than half the waves
1

wavelength ( ℎ > 2 𝐿). The energy of the deep-water gravity wave doesn’t touch the bottom
in the open water. Secondly, the transitional or intermediate gravity waves are waves
traveling in the water where the depth of still water is less than half the wavelength but
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1
1
greater than the one-twentieth the wavelength (20
L<h< L). At this stage, the water movement
2

of particles on the surface transition from swells to steeper waves called peaking waves. Due
to the friction of the deeper part of the wave with particles on the bottom, the top of the wave
starts to move faster than the deeper part of the wave. When this happens, the front surface
of the wave gradually becomes steeper than the back surface. Thirdly, shallow-water wave
are waves traveling in water where depth is less than one-twentieth the wavelength
1

(ℎ < 20 𝐿)[34,35]. At this stage, the top of the wave travels so much faster than the bottom
of the wave that top of the wave starts to spill over and fall down the front surface, this called
breaking wave; herein the effect of airflow velocity over intermediate water gravity waves
was considered in this experiment.
In this research, a laboratory setup was made using a large flume tank-wind tunnel
combination to quantify the evaporation rate from still water surface under turbulent
airflow regime based on the two models that were stated above. Evaporation rate from wavy
water surface under a turbulent airflow regime and with three different wave periods was
considered. Also, the airflow structure over the wavy water surface was investigated by
using the PIV technique.
1.2 Motivation
The demands on freshwater supplies for industrial, agricultural, and human usage
make it essential to predict the evaporation rate from inland bodies of water, such as
reservoirs and lakes, ponds, and swimming pools.
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Still water surface is an ideal hypothesis rarely found in the real applications. It is
impossible to find an open surface of water without any disturbance or waves on that surface
as well as closed water surface such as an occupied swimming pool.
Based on the literature, most of the efforts seen in this field research of water
evaporation have been made to obtain the empirical correlations to estimate the rate of
evaporation from still water surface without any disturbance or wave over a wide range of
water temperatures and air velocities. Thus, the present study of the evaporation rate is
motivated by the need to investigate the effects of wave parameters and convective airflow
at turbulent airflow regimes on the evaporation rate from the wavy water surface; Also, to
derive the empirical correlations that are used to calculate the evaporation rate from still
water surface based on the mass transfer method (Similarity method) and based on Dalton’s
law.
1.3 Objectives
There is no agreement about how the evaporation rate is affected by waves or surface
roughness. Also, there are no correlations in the literature that accurately applies to find the
evaporation rate at different heat transfer convection regime and airflow regime. Moreover,
these historical correlations don’t produce a consistent estimate in predicting the
evaporation rate because many correlations don’t adequately describe the appropriate
evaporation regimes for which their equations are valid.
The main objectives of this study are:
1- Compare data that was obtained from this experiment with correlations of
researchers who studied this topic to make sure that measurements were correct;
primarily will compare our results based on modified Dalton’s law.

8

2- Develop data and empirical correlations of general validity to calculate the water
evaporation rate from the STILL water surface, starting from an experimental
investigation in the various condition of temperature, relative humidity, air
velocity, natural, forced, and mixed convection regimes under turbulent airflow
condition.
3- Compare between the results obtained from the STILL and WAVY water surface
to investigate the effects of the WAVY water surface on evaporation rates.
4- Investigate the ability of two models, modified Dalton’s based and similarity
theory-based, to predict the evaporation rate from the STILL water surface.
5- Investigate the air-water interface structure over the still and wavy water surface
and investigate how it could affect the evaporation rate.
The ranges of inlet dry air temperature, water surface temperature, and air velocity
were used through this experiment that is, (21℃ ≤ Tair ≤ 27℃), (25℃ ≤ Ts ≤ 77℃), (0.4 m/
s ≤ Vair ≤ 2.5 m/s) ,
𝐺𝑟𝑚
)
𝑅𝑒 2

(

𝑖𝑠 (0.0971 ≤

𝐺𝑟𝑚
𝑅𝑒 2

respectively.

Over

𝐺𝑟
)
𝑅𝑒 2

≤ 36) , 𝑎𝑛𝑑 (

a

wide

𝑖𝑠 ( 0.3027 ≤

𝐺𝑟
𝑅𝑒 2

range

of

the

following

ratios

≤ 64.1) and these ratios were used

to distinguish between the ( natural, forced, and mixed) convection regime based on
similarity method and modified Dalton’s law, respectively. The experiment was focused on
𝐻

the intermediate wave depth within the following range (0 < 𝑇 < 0.14437 𝑚/𝑠) , and
(0 <

𝐻
𝐿

< 0.1935).
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1.4 Dissertation Organization
This Dissertation was organized as follows: a general introduction was presented in
Chapter 1, followed by a detailed review of literature related to evaporation rates from the
free water surface, parameters effect on it, and methods used to predict evaporation rate
from still and wavy water surface in Chapter 2. An experimental setup and parameter
measurements were mentioned in more detail in Chapter 3. The Results and Discussion were
stated and discussed in Chapter 4. Conclusions and recommendations for future works were
presented in Chapter 5.
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2. RELATED WORK
2.1

Methods for Estimation Evaporation Rate from Water Surface
The amount of water evaporated from a water surface can be measured using the

following methods[36, 37]:
1. Evaporimeter method.
2. Analytical methods.
3. Empirical evaporation equations, i.e., evaluated from experimental results.
2.1.1 Evaporimeter Method
This method is used to estimate the evaporation rate of lake evaporation, and it's
known as the most straightforward and cheapest method. In this method, the storage
equation can be evaluated, and the pan evaporation rate is larger than the actual lake
evaporation. Thus, it is necessary to reduce the pan evaporation to actual lake evaporation
employing a pan coefficient. Pan coefficient depends on the types of pan used, such as Class
A evaporation pan, Colorado sunken pan, and US geological survey floating pan[38].
Lake Evaporation = PC × Pan Evaporation

2.1

In which 𝑃𝐶 = 𝑃𝑎𝑛 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡. the values of 𝑃𝐶 in use for different pans are given in the
following table.
Table 2.1. Value of Pan Coefficient 𝑷𝑪 [36].
Serial Number
1
2
3

Types of Pan
Class A Land Pan
Colorado Sunken Pan
USGS Floating Pan

Average Value
0.70
0.78
0.80

Range
0.60-0.80
0.75-0.86
0.70-0.82

The evaporation pan methods aren’t exactly models that can be used to predict the
evaporation rate of large reservoirs because of the following reasons: they differ in heat-
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storing capacity and heat transfer from the sides and bottom; thus sunken pan and floating
pan are used to reduce this deficiency; the wind action over the water surface influenced by
the height of the rim in an evaporation pan, and the heat transfer characteristic of the pan
material differ from the reservoirs. Thus, the evaporimeter was considered to measure the
evaporation rate from small ponds that were used in a field test.
2.1.2 Analytical Methods
The analytical methods used to determine the evaporation rate can be broadly
classified into four categories as:
A- Water-Budget Method.
B- Energy Balance Method.
C- Mass-Transfer Method.
D- Combined method.
2.1.2.1

Water-Budget Method

Water-Budget methods are simple in theory but produce unreliable results in
practice. Unreliability of the results can be related to the fact that the accuracy of the estimate
is strongly dependent upon the reliability of data on inflow, outflow, and seepage. Some of
the variables, like the seepage rate in the water systems, are very difficult to measure [38,
39]. Therefore, the application of this method isn’t widely used. An equation for a water
storage budget as follows[41]:
E = Pp + I − Gw − O − ∆S

2.2

𝐾𝑔

Where E is defined as the evaporation rate(𝑚2 .𝑠𝑒𝑐), P𝑝 is defined as the precipitation over
𝐾𝑔

𝐾𝑔

the storage(𝑚2 .𝑠𝑒𝑐), I is defined as the inflow(𝑚2 .𝑠𝑒𝑐), G𝑤 is defined as the net groundwater
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𝐾𝑔

𝐾𝑔

seepage out of the storage(𝑚2 .𝑠𝑒𝑐), O is defined as the outflow(𝑚2 .𝑠𝑒𝑐), and ∆𝑆 is defined as
𝐾𝑔

the change in reservoir contents(𝑚2 .𝑠𝑒𝑐). A schematic diagram for the Water-Budget
method is shown in figure 2.1.

Figure 2.1: Water-Budget Method for Measuring Evaporation[42].

2.1.2.2

Energy -Budget Method

The phase change from a liquid to vapor requires a significant amount of heat flux.
Angstrom (1920) suggested that the energy budget method is based on the conservation of
energy within the water body[43]. For any given body of water, a balance must exist between
the heat losses and gains. The heat gains may be from large and short-wave radiation,
conduction, and condensation. Heat losses may be from direct and reflected radiation,
conduction, advection, and evaporation. In other words, this method represents the first law
of thermodynamics (Inflow − Outflow = change in storage). In this method, heating caused
by chemical and biological processes, heat transfer by conduction through the bottom, and
transformation of kinetic energy into thermal energy, were neglected.
Anderson (1954) concluded that the evaporation rate computed by the energy budget
method was a pretty good agreement with the evaporation rate calculated using the water
budget method at Lake Henfner[44]. The energy budget methods are reliable in theory and
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suitable for research purposes only in small areas, because of their requirements for detailed
metrological data, such as net radiation and sensible heat. So, this method is restricted to be
only used in small areas. An expression for the energy budget given by Harbeck et al.
(1958)[45] as follows:
Q A = Q s − Q r + Q LW − Q rLW − Q LWe − Q h + Q v − Q E − Q W

2.3

Where QA is defined as the increase in energy stored by water body (𝐽), Qs is defined as the
solar radiation incident to the water surface (𝐽) , Qr is defined as the reflected solar
radiation(𝐽), QLW is defined as the incoming longwave radiation from the atmosphere(𝐽),
QrLW is defined as the reflected longwave radiation(𝐽), QLWe is defined as the longwave
radiation emitted by the water body (𝐽), Qh is defined as the energy conducted from the body
of water due to the temperature difference between that surface and air as sensible heat(𝐽),
QV is defined as the net energy advected into the water body (𝐽), QE is latent energy carried
away by the evaporated water (𝐽) , and QW is defined as the energy advected by the
evaporated water as sensible heat (𝐽) . A schematic diagram for the Energy Budget Method
is shown in figure 2.2.
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Figure 2.2: A Schematic Diagram of the Energy Budget Method.

The following correlations are used to evaluate the evaporation rate formula:
Q E = ρg 𝐸𝑉 h𝑓𝑔 ; Q h = B𝑟 Q E ; and Q W = ρg CP 𝐸𝑉 (T𝑣,s − T𝑣,∞ )

2.4

𝐾𝑔

Where ρg is defined as the density of the evaporated water(𝑚3 ), 𝐸𝑉 is defined as the volume
𝐽

of evaporated water (𝑚3 ), h𝑓𝑔 is defined as the latent heat of vaporization of water (𝐾𝑔), B𝑟
is defined as the Bowen ratio, CP is the specific heat of liquid water at constant pressure
𝐽

(𝐾𝑔.℃), T𝑣,s is the temperature of evaporated water surface(℃), and T𝑣,∞ is defined as the
temperature of inflowing air above the water surface(℃), which replaces the evaporated
water. By substitution, the correlations in Equation 2.4 into Equation 2.3 and rewritten in
the familiar form used by Hoy and Stephens (1979)[46]. Mass of water evaporated
Em (𝐾𝑔)becomes as the following equation:
𝐸𝑚 = ρg 𝐸𝑉 =

(R n + Q V − Q A )
(h𝑓𝑔 (1 + B𝑟 ) + CP (T𝑣,s − T𝑣,∞ ))
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2.5

Where 𝐸𝑚 is the mass of evaporated water, and R n is net radiation input to the storage, R n =
Qs − Qr + QLW − QrLW − QLWe .
Bowen (1926) determined that the Bowen ratio is the heat loss by conduction and by
evaporation from any body of water during a period of evaporation[47]. Therefore, it is
directly related to the difference in temperature and humidity taken at two different heights
above a water body. He assumed in his work that the velocity of horizontal diffusion is
negligible in comparison with the wind velocity measured parallel to the main wind direction
over the water surface. Also, in his work, he mentioned that the heat losses by conduction
and heat losses by convection followed the same laws.
B𝑟 =

Qh
∆T
(T𝑣,s − T𝑣,∞ ) P𝑔
=γ
= 0.46
QE
∆e
(P𝑣,s − P𝑣,∞ ) 760

2.6

Where γ is psychrometric constant, T𝑣,∞ and P𝑣,∞ are defined as the original temperature
and vapor pressure of the air passing over the lake (℃, mm of mercury), respectively. T𝑣,s
and P𝑣,s are defined as the corresponding quantities for the layer of air in contact with the
water surface (℃, mm of mercury) , respectively. P𝑔 is defined as the total atmospheric
pressure(mm of mercury).
2.1.2.3

Mass-Transfer Method (Aerodynamic Method)

This method utilizes the concept of eddy motion transfer of water vapor from an
evaporating surface to the atmosphere. Dalton (1802) developed the fundamental law of
evaporation from a free water surface[23]. His generalized formula of evaporation as
follows:
E = C(P𝑣,s − P𝑣,∞ )
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2.7

Where E is defined as the evaporation rate from the free water surface, P𝑣,s is defined as the
saturation vapor pressure at the temperature of the water surface, P𝑣,∞ is defined as the
vapor pressure in the air, and C is defined as the aerodynamic conductance dependent on
the barometric pressure and wind velocity. A schematic diagram for the Mass-Transfer
Method is shown in figure 2.3.

Figure 2.3: A Schematic Diagram for Mass-Transfer Method[42].

From literature, the mass transfer methods yield satisfactory results in many cases, and
usually use easily measurable variables, have simple model form, and reasonable accuracy.
Therefore, the most empirical correlations available in the literature were found based on
Dalton’s law, and showed that the evaporation rate is directly proportional to the difference
between the vapor pressure at surface water temperature and at the air temperature[41],
as follows:
E=

(A + BV)( Pv,s − ∅Pv,∞ )
hfg

2.8

Where A and B are unknown constants, ∅ is defined as the relative humidity, hfg is defined
as the latent heat of vaporization of water, and V is defined as wind velocity. There is a
significant conflict between the coefficient A and B, which is a result from multiple
parameters like wind speed and air temperature and have been measured at inconsistent
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heights, resulting in many equations with identical structure. These discrepancies come from
meteorological data collection procedures, standards, and climate conditions. The most
important reasons for these discrepancies result from the fact that the relationship between
the evaporation rate and vapor pressure difference is not linear.
A study carried out by Marek and Straub (2001) indicated that the water evaporation
rate increased with increasing the surface water temperature to a specific point, then the
water evaporation rate decreases with the surface water temperature increase[25], meaning
that the evaporation rate is not directly linearly proportional to the vapor pressure
difference between the water surface and the air above the water surface, and may be related
n

to its exponent relation, i.e., ( 𝑃𝑣,𝑠 − ∅𝑃𝑣,∞ ) , with the power of n less than unity for forced
convection and more than unity for mixed convection under turbulent air flow [21, 31].
2.1.2.4

Combined Method

Combined methods use a simultaneous solution of mass transfer method and energy
budget method or another method to improve the accuracy of results by decreasing the
dependence on the metrological parameters, such as temperature and relative humidity[48].
Penman (1948) presented the first suggestion of the combined method[49].
Penman’s equation does not consider the effect of heat content variation in the water mass
during the evaporation season[50]. Penman’s equation was modified by Kohler and Parmele
(1967)[51]. Penman’s equation for estimating the potential evaporation as follows:
EP =

2.9

∆
γ 6.43(1 + 0.536V2 )(Pv,s − Pv,∞ )
(rn + Ah ) +
∆+γ
∆+γ
hfg
𝑚

Where E𝑃 is defined as the potential evaporation rate (𝑑𝑎𝑦), ∆ is defined as the slope of
𝐾𝑝𝑎

saturation vapor pressure versus temperature curve at temperature T(
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℃

), γ is defined as

a psychrometric constant (

𝐾𝑝𝑎
℃

) , rn is defined as a net radiation exchange for the water

𝑚

𝑚

surface(𝑑𝑎𝑦) , Ah is defined as any significant energy advected into the water body (𝑑𝑎𝑦), V2
is the wind speed at 2m height above the water surface, (𝑃𝑣,𝑠 − 𝑃𝑣,∞ ) is defined as the vapor
𝐽

pressure differential (𝑃𝑎), and (ℎ𝑓𝑔 ) is defined as the latent heat of vaporization (𝐾𝑔). The
slope of the saturation vapor pressure versus temperature curve ∆ is given by:
∆=

𝑑𝑃𝑣,𝑠
4098𝑃𝑣,𝑠
=
(237.3 + 𝑇)2
𝑑𝑇

2.10

Where 𝑃𝑣,𝑠 is saturation vapor pressure at temperature T(℃) (𝐾𝑃𝑎), and calculated from the
following equation:
Pv,s = 0.6108exp (

17.27Ts
)
237.3 + Ts

2.11

2.1.3 Empirical Evaporation Correlations Experimental Results-Based
Most of the equations employed so far for the calculation of the evaporation rate from
several applications are empirical, i.e., those equations result from regression analysis after
many experiments to get a more general validation[31]. Also, these equations being valid for
only particular systems and climate conditions like those when the measurements were
made. The Best-Known and used empirical correlation for water evaporation rate is the one
proposed by Carrier (1918) based on conventional Dalton’s law, taken from ASHRAE
Application Handbook[16, 52].
𝑛=1

2.12

(0.08893 + 0.07835V)(P𝑣,𝑠 − ∅P𝑣,∞ )
E=
hfg

𝐾𝑔

Where E is defined as the evaporation rate per unit area (𝑚2 .𝑠𝑒𝑐), V defined as the velocity
m

parallel to the water surface sec, P𝑣,s described as the saturated vapor pressure at surface
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water temperature (Pa), P𝑣,∞ defined as the saturated vapor pressure at air temperature
(Pa), hfg described as the latent heat of vaporization

𝐽
𝐾𝑔

, n=1 defined as the exponent

coefficient and ∅ defined as the air relative humidity. This equation can be used for air
velocities between (0 and 0.7), but it has been widely used for evaluating the evaporation
rate from pools for natural convection by substituting the value of air velocity equal zero.
This expression was formed in the evaporation test in which air is blown above the water
surface of the unoccupied swimming pool.
The Dalton based models don’t consider into account the effect of vapor density
difference, and this can explain why Carrier’s expression greatly overpredicted evaporation
rate than that expected, as mentioned at[8, 20, 53]. Therefore, the ASHRAE (1999)
Application Handbook recommended that this equation would be used only for estimating
evaporation losses from occupied public swimming pools with regular activity, partially wet
deck, and some allowance for splashing[54]. This is because the water evaporation rate from
the disturbed water surface is higher than that from undistributed surfaces.
Smith et al. (1993)[20] evaluated the rate of evaporation by applying the energy
budget method to the swimming pools. The evaporation rate was calculated based on the
difference between the total energy supplied to the water and sensible heat gained by the
water. In their work, they ignored the evaporation from the wet deck and the wet bodies of
the swimmers. Thus, Smith et al. (1993) modified Carrier’s formula for indoor and outdoor
swimming pools, and they recommended that the results of Carrier’s correlation should be
multiplied by 0.76.
𝑛=1

(0.08893 + 0.07835V)(P𝑣,𝑠 − ∅P𝑣,∞ )
E = 0.76 ∗
hfg
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2.13

Shah (2002, 2012)[53, 55] validated an analytical formula that was used to evaluate
the evaporation rate for the natural convections under turbulent airflow conditions for the
unoccupied swimming pools that was derived at Shah (1981), using an analogy between the
heat and mass transfer by considering the water surface to be a horizontal flat plate with the
heated face upward, as follows:
1

E = Cρv,s (ρv,∞ − ρv,s )3 (ωv,s − ωv,∞ )

2.14

Where (ρ𝑣,∞ , ρ𝑣,s ) are defined as the room air density and saturated air density,
respectively. (ω𝑣,s , ω𝑣,∞ ) are defined as the specific humidity of air at water surface
temperature (saturation) and the room temperature, respectively. C is defined as a constant,
dependent on the difference between the room and saturated air density.
C = 35 for (ρ𝑣,∞ − ρ𝑣,s ) >

0.02

2.15

C = 40 for (ρ𝑣,∞ − ρ𝑣,s ) ≤

0.02

2.16

The absolute value of the subtraction (ρ𝑣,∞ − ρ𝑣,s ) should be used when this value is
negative.
Shah (2002)[53] tested these correlations based on an indoor water pool with
undistributed water surface test data, and unforced airflow over those surfaces under the
following conditions: water temperature(7 − 94 ℃), air temperatures (6 − 35 ℃), and air
relative humidity(28 − 95 %).
Shah (2003)[56] stated that the evaporation rate from an occupied swimming pool
(water surface with high roughness) is higher than that measured with an unoccupied
swimming pool (still water surface). Based on test data for regular activity pool from various
sources for occupied pools, Shah (2003) published the following formula:
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E = (0.113 −

0.000079
+ 0.000059(P𝑣,𝑠 − ∅P𝑣,∞ ))
𝐹𝑢

2.17

Where 𝐹𝑢 is defined as the pool utilization factor, dependent on the number of occupants (the
activities of the swimmers that are considered as surface roughness), and the ratio of pool
area between the unoccupied and occupied pools with the maximum number of the
occupants.
Himus and Hinchley (1924)[17] performed tests on natural and forced convection
and produced formulas for both cases. They concluded that their forced convection formula
predicts three times of their free convection formula after assuming that air velocity is zero.
These formulas were carried out from small evaporation pan with the help of wind tunnel
measurements. They found surface water temperature, air temperature, air relative
humidity, and air velocity remained constant. While the contact area of heat and mass
transfer between the air and water surface varied within a range from 0.02 to 0.07𝑚2 . The
following correlation was obtained with n=1:
n=1

E = 1 ∗ 10−9 (64.58 + 28.06V)(Pv,s − ∅Pv,∞ )

2.18

Rohwer’s (1931)[18] experiment procedure was similar to that used by Himus and
Hinchley(1924) with evaporation pan having a much larger surface area than that used by
Himus and Hinchley. He developed an empirical correlation to predict the evaporation rate
under the velocity range of

(0 − 0.67m/sec) , and water surface temperature of

(6.1℃ ≤ Tw ≤ 17℃), as follows:
n=1

E = 1 ∗ 10−9 (34.72 + 20.97V)(Pv,s − ∅Pv,∞ )

2.19

Sartori (1989)[57] developed the evaporation rate equation for natural convection
under turbulent flow, like the following:
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n=1

E = (0.00407V

0.8

LC

−0.2

− 0.01107LC

−1

Pv,s − Pv,∞
)(
)
Pg

2.20

Where 𝐿𝐶 is considered as the characteristic length of the direction of the wind flow. The
above equation is valid for transition flow and due to the fully turbulent airflow, the term
(𝐿𝐶 −1 ) becomes negligible. Sartori (1989) concluded that the evaporation rate under
turbulent airflow conditions must decay along the distance of airflow direction and is
proportional to the(𝐿𝐶 −0.2 ).
Sartori (2000)[6] developed another correlation to predict evaporation rate for
natural convection under turbulent airflow conditions based on an analogy between mass
and heat transfer, like the following:
𝐸 = (0.00562𝑉 0.8 𝐿𝐶 −0.2 − 0.01529𝐿𝐶 −1 )(𝜌𝑣,𝑠 − ∅𝜌𝑣,∞ )

2.21

Based on his study, he reported that "wishing to include pressure as a variable, the above
equation needs to multiplied by the standard atmospheric pressure and divided by the
desired one’’. This ratio wasn’t apparent. The above equation involves the referred decay of
the evaporation rate, and it’s directly proportional to the heat transfer variation over a
horizontal flat plate. A good agreement between the two developed equations was observed.
This equation takes into account the average roughness over the free water surface. Thus, he
concluded that the evaporation rate from a water surface with waves might be lower than
that measured under similar airflow conditions without waves present. These results were
carried out by using Pan evaporation methods. The temperature difference between the
water surface and the air is 5°𝐶, two values of the relative humidity are 45% and100%, and
air velocity is 3 m/sec.
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Raimundo et al. (2014)[9] investigated the relationship between evaporation from
heated water surfaces and thermophysical properties of a forced airflow, using low-speed
wind tunnel measurements and numerical simulation to validate the experimental results.
Experimental tests were done for the 28 different conditions, which include four partial
vapor pressure differences in the range of (1850-8751) Pa, and seven mean airflow velocities
in the range of (0.101-0.697) m/sec, corresponding to Reynolds numbers between 2475 and
17326. In their experiment, an experimental correlation was obtained to predict evaporation
rate for forced convection under turbulent airflow, as following:
n=1

E = 1 ∗ 10−9 (37.17 + 32.19V)(Pv,s − ∅Pv,∞ )

2.22

Two numerical correlations were obtained within an average air velocity (0.1-2) m/sec.
using regression analysis. Based on the least-square fit of the numerical results, they
developed the following correlations:
E = 1 ∗ 10−3 (1.05 + 10.32V)(mv,s − mv,∞ )

2.23

E = 1 ∗ 10−6 (22.77 + 215.85V − 23.59∅ − 219.05∅V + 13.95∅V(Tv,s − Tv,∞ ))

2.24

The first equation is the function of airflow velocity and mass fraction difference
(m𝑣,𝑠 − m𝑣,∞ ) between vapor mass fraction at the air-water interface m𝑣,𝑠 , and its average
value at the inlet and outlet of the wind tunnel m𝑣,∞ . The second equation is the function of
relative humidity and the temperature difference between air and water. They concluded
that the rate of evaporation is mainly dependent on the airflow velocity. Their evaluation
was done using the relative difference, and the root means square deviation. A good
agreement was obtained between their experimental and numerical results with the results
obtained from the correlations found in the literature.
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Pauken (1999)[21] measured the evaporation rate from a large diameter of heated
evaporation pan under the low velocity (0.33-1.45 m/sec) of the air stream. In his study, he
made an experimental analysis using a low-speed wind tunnel that was attached to the upper
edge of the evaporation tank, and the air was blown through the wind tunnel by a row of
twelve axial fans. He observed that the evaporation rate for a constant air velocity did not
increase linearly with the vapor pressure difference, and developed a new correlation using
combined free and forced convection based on a modified Dalton’s law. Using a regression
analysis based on the least square fit on the data, Pauken yields the following correlation:
n

E = 1 ∗ 10−6 ∗ A (1 ∗ 10−3 (Pv,s − ∅Pv,∞ ))

2.25

A = 20.56 + 27.21V + 6.92V2

2.26

n = 1.22 − 0.19V + 0.038V 2

2.27

Also, he derived a new correlation of Sherwood number for combined convection regimes
for turbulent airflow regime as a function of Reynolds number (𝑅𝑒 2 ) in the range of
(23000 ≤ 𝑅𝑒 ≤ 115000) , mass transfer Grashof number (𝐺𝑟𝑚 ) in the range of (1.2 ∗
109 ≤ 𝐺𝑟𝑚 ≤ 5.5 ∗ 109 ), with a constant value of Schmidt number 0.61, and free Sherwood
number(Shn n ), as follows:
Shmixed = Shn [1 + f (

f = 0.543 − 0.408 (ln (

Grm
Re2

Grm
Re

2.28

2 )]

)) + 0.0826 (ln (

Grm
Re2

2

2.29

))

He studied the mixed (combined between forced and free) mass convective effects over a
wide range of (0.1 <

𝐺𝑟𝑚
𝑅𝑒 2

< 10) from the still water surface for moving airflow. He showed

that a quadratic combination of free and forced convection is closely modeled to the
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evaporation rate over that range in which the effect of two convection regimes cannot be
neglected. He concluded that the free convection contribution to the evaporation rate is in
the order of 30%. Thus, the effect of natural convection within this range can’t be neglected
everywhere, while the contribution of forced convection is less than 10% when

𝐺𝑟𝑚
𝑅𝑒 2

> 5.

Tang and Etzion (2004)[8] used a small evaporation pan to predict the evaporation
rate from the free water surface. They concluded that the evaporation rate from the free
water surface is not a directly proportional function to the water vapor pressure difference,
and it is proportional to its exponent in the power of 0.82 or 0.7 during the evaporation from
the free water surface and the wetted water surface, respectively. Also, they concluded that
the evaporation rate from the free water surface is lower than that measured from the
wetted surface when the wind speed is higher (𝑉 > 0.5𝑚/𝑠𝑒𝑐), and evaporation rate from
the free surface is higher than that measured from the wetted surface when wind speed is
lower (𝑉 < 0.5𝑚/𝑠𝑒𝑐) . Their experiment was done by using two similar small ponds(
evaporation pan), one of these ponds was kept open to atmosphere, and another one was
covered by wetted white cotton towels to investigate the evaporation rate from the free
water surface and wetted water surface under the velocity range (0.5 − 1.5𝑚/𝑠𝑒𝑐), and
water surface temperature (15℃ ≤ 𝑇𝑤 ≤ 40℃). They developed a correlation using least
square method to predict evaporation rate from the free water surface as follows:
n=0.82

(Pv,s − ∅Pv,∞ )
E=A
hfg

A = 0.2253 + 0.24644V

2.30

2.31

Where ℎ𝑓𝑔 = 2.45 ∗ 106 𝐽⁄𝐾𝑔.The above equation is valid for small water surface bodies.
They tried to find the optimal correlation by assuming that (A) is a polynomial function with
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a higher order of air velocity, but this didn’t decrease the standard deviation. Thus, they
found the best fit was to assume (A) is a linear function of air velocity, as was shown in the
above correlation. Similarity theory is valid based on many assumptions. One of these
assumptions is that the velocity of vertical diffusion is negligible in comparison with the
airflow velocity measured parallel to heated water surface[3], but Tang and Etzion stated
that is not true. Therefore, they noted that the evaporation rate correlations, based on an
analogy between the mass and heat transfer, are not accurate.
Mehmet et al. (2017)[24] investigated the evaporation rate from a free horizontal
water surface under forced and natural convection. In their study, the empirical correlation
was obtained by using a nonlinear regression analysis based on the Gauss-Newton algorithm
with a maximum of 200 iterations. They found that the water evaporation rate is
proportional to the exponent of the water vapor pressure difference. The following equation
was evaluated under the velocity range of (0.2 − 0.38𝑚/𝑠𝑒𝑐), water surface temperature of
(14℃ ≤ 𝑇𝑤 ≤ 24℃) , air temperature of (16℃ ≤ 𝑇∞ ≤ 26℃) , and air relative humidity
of (%50 ≤ ∅ ≤ %70):
n=0.695

(0.280 + 0.784V)(P𝑣,𝑠 − ∅P𝑣,∞ )
E=
hfg

2.32

Sill (1983)[19] developed an empirical correlation to predict the evaporation rate
from an open water surface for forced convection under turbulent airflow condition based
on an analogy between heat and mass transfer. The experiment was done at seven open
water bodies from a tiny evaporation pan to a large surface such as lakes. He developed the
following correlation:
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E = 0.0015(1.13∆Θ1/3 + V)(ρv,s − ρv,∞ )

2.33

∆Θ = Tv,s − Tv,∞

2.34

(Ts , T∞ )

Tv,s , Tv,∞ =

1 − 0.378

2.35

(Pv,s , Pv,∞ )
Pg

The Sill’s equation does not consider the effect of small diffusion when the temperature of
the water surface and airflow are the same. Thus, this equation yields zero evaporation rate
when the air and water temperatures are at equilibrium. Therefore, the above equation was
obtained based on the virtual temperature difference(∆Θ = 𝑇𝑣,𝑠 − 𝑇𝑣,∞ ) instead of actual
temperature difference (𝑇𝑠 − 𝑇∞ ) [12].
Jodat et al. (2012) [14] investigated the ability of Dalton based model results to
predict the evaporation rate in different flow regimes. Their investigation carried out over a
wide range of

𝐺𝑟
𝑅𝑒 2

𝐺𝑟

𝐺𝑟

(0.01 ≤ 𝑅𝑒 2 ≤ 100). Firstly, forced convection regime was studied over
𝐺𝑟

the range of 𝑅𝑒 2 (0.01 ≤ 𝑅𝑒 2 ≤ 0.15) with air velocity of V = 4m/sec. They concluded that
the conventional Dalton’s law(with exponent n=1) cannot be used to predict the nonlinear
relationship between the evaporation rate and the vapor pressure difference; this is because
the thicker vapor density boundary layer is expected to increase at high evaporation rate
due to increase in the vapor emission from evaporated surface. The surface vapor emission
will become more concentrated as vapor pressure difference increases, which means the
surface vapor emission works as a barrier, then the rate of increasing an evaporation rate
from free water surface slows down. As mentioned above, to get a good agreement with
experimental results, the exponent n should be less than one[8, 9, 24], or the exponent n can
be written as a function of air velocity to be closely accurate [21]. Secondly, mixed convection
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𝐺𝑟

𝐺𝑟

regime was studied over the range of 𝑅𝑒 2 (0.3 ≤ 𝑅𝑒 2 ≤ 3) with air velocity of V = 0.9m/sec.
They concluded that the experimental results are in good agreement with the modified
Dalton’s law when the exponent n is greater than one. They derived the following correlation
to predict evaporation rate from free water surface and this correlation is valid for both
forced and mixed convection conditions over the range of

𝐺𝑟
𝑅𝑒 2

𝐺𝑟

(0.01 ≤ 𝑅𝑒 2 ≤ 25) with air

velocity of (0.3 ≤ V ≤ 5):
E=A∗(

0.001
n
) (Pv,s − ∅Pv,∞ )
3600

2.36

𝐴 = (0.03262V 3 + 0.01814V 2 + 0.04818V + 0.02264)

2.37

n = 0.009V 2 − 0.132V + 1.186

2.38
𝐺𝑟

𝐺𝑟

Thirdly, natural convection regime was studied over the range of 𝑅𝑒 2 (𝑅𝑒 2 ≥ 25) and air
velocity is less than 0.1m/sec. They concluded that the Dalton based models could not be
used to predict an evaporation rate in the natural convection regime. As mentioned above,
Dalton’s law doesn’t consider the effect of vapor density difference, while the evaporation
rate in this regime is strongly affected by both vapor pressure difference and vapor density
difference between the evaporated water surface and ambient air. Thus, they derived a new
empirical correlation for free convection as follows:
𝐸 = 0.069 ∗ (

0.01
n=1.105
𝑛̅=0.153
) (P𝑣,s − ∅P𝑣,∞ )
(𝜌𝑔,𝑠 − 𝜌𝑔,∞ )
3600

2.39

Also, they studied the ability of similarity theory to predict the evaporation rate from the
water surface for different convection regimes (natural, forced, and mixed) and airflow
regimes (laminar and turbulent). Their investigation was carried out over a wide range of
𝐺𝑟𝑚
𝑅𝑒 2

(0.01 ≤

𝐺𝑟𝑚
𝑅𝑒 2

≤ 100). Firstly, forced convection regime was studied over the range of
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𝐺𝑟𝑚
𝑅𝑒 2

(0.01 ≤

𝐺𝑟𝑚
𝑅𝑒 2

≤ 0.15) with an air velocity of V = 4m/sec. In this convection regime, due to

the high evaporation rate, the thickness of the vapor density boundary layer will increase
above the water surface, which means the increase of evaporation rate is going to decrease.
Ripples can exist on the water surface due to high air velocities over the water surface, and
these ripples represent a surface roughness which violates the assumption of the similarity
theory, that is the water surface should be completely smooth. Thus, they concluded that the
similarity theory couldn’t predict the nonlinear relationship between the evaporation rate
and the vapor pressure difference, and they found this theory underpredicts the evaporation
rate in the forced convection regime. Secondly, mixed convection regime was studied over
𝐺𝑟

the range of 𝑅𝑒 2 (0.15 ≤

𝐺𝑟𝑚
𝑅𝑒 2

≤ 25). They concluded that the experimental results are in

good agreement with the similarity theory when the exponent n is a function of the ratio

𝐺𝑟𝑚
𝑅𝑒 2

.

Jodat et al. derived the following correlation to predict evaporation rate from the free water
surface, and this correlation is valid for mixed convection conditions over the range of
(0.3 ≤

𝐺𝑟𝑚
𝑅𝑒 2

𝐺𝑟𝑚
𝑅𝑒 2

≤ 3) with an air velocity of V = 0.9m/sec:
1⁄
n

2.40

Shmixed
Shforced n
= (1 + (
) )
Shfree
Shfree

Gr 2
Gr
n = −0.042 ( 2 ) + 0.583 2 + 1.182
Re
Re

Thirdly, natural convection regime was studied over the range of

2.41

𝐺𝑟𝑚
𝑅𝑒 2

𝐺𝑟𝑚

( 𝑅𝑒 2 ≥ 25) and air

velocity is less than 0.1m/sec. They concluded that the similarity theory results are in good
agreement with the experimental results, but don’t follow a specific relation in natural
convection regime. This can be explained by, as mentioned above, the evaporation rate in
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this regime is strongly affected by both vapor pressure difference and vapor density
difference between the evaporated water surface and ambient air. Thus, they derived a new
dimensionless correlation valid for a wide range of convection regimes (0.01 ≤

𝐺𝑟𝑚
𝑅𝑒 2

≤ 100)

as follows:
Shtotal
Grm
Grm 2
Grm 3
= 1.441 − 0.345ln ( 2 ) + 0.22 [ln ( 2 )] − 0.037 [ln ( 2 )]
Shfree
Re
Re
Re

2.42

Most of the empirical correlations mentioned above were utilized based on conventional
Daltons law and similarity method from free still water surface, and they didn’t consider the
effect of surface roughness due to waves. Except for Sartori (2000)[6], who studied the
impact of small roughness due to waves generated by low wind speed. Experimental
measurements have been done to investigate the evaporation rate from wavy water surfaces
in free, mixed, and forced convection conditions by Jodat et al. (2013)[29]. An evaporation
rate is obtained for the ratio of wave heights to wave period

𝐻
𝑇

(0 <

𝐻
𝑇

<

0.18𝑚
𝑠

) with

𝜋

intermediate gravity water waves (10 < 𝑘ℎ < 𝜋). Air velocities ranged from 0.05 to 5 m/s;
𝐺𝑟

𝐺𝑟

these experimental analyses were carried out over a wide range of 𝑅𝑒 2 (0.01 ≤ 𝑅𝑒 2 ≤ 100)
and this range was achieved by applying different air flow velocities on a large heated wave
flume with wind tunnel. They stated that the evaporation rate from a water surface with
well-developed waves can be larger than that measured under the same conditions without
waves present.
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Table 2.2: Summary of Correlations Reported in the Literature to Predict Water Evaporation Rate from Free Water Surface.

Reference
Dalton
(1802)[23]

Case
Still air

n
1

Carrier
(1918)[16]

Still
&Moving
air

1

Smith et al.
(1993) [20]

Still
&Moving
air

1

Shah (2002,2012)
[53, 55]

Natural
convection
under
turbulent
airflow
free
and
forced
convection

Himus & Hinchley
(1924)[17]
Sartori(1989)[57]
Sartori (2000)[6]

Proposed Correlation
𝑛
E = C(P𝑣,s − P𝑣,∞ )
n

E = (0.089 + 0.0782V)

(P𝑣,s − ∅P𝑣,∞ )
hfg

E
= 0.76(0.089
n
(P𝑣,s − ∅P𝑣,∞ )
+ 0.0782V)
hfg
1

E = Cρ𝑣,s (ρ𝑣,∞ − ρ𝑣,s )3 (ω𝑣,s − ω𝑣,∞ )
C = 35 for (ρ𝑣,∞ − ρ𝑣,s ) > 0.02
C = 40 for (ρ𝑣,∞ − ρ𝑣,s ) ≤ 0.02
1

𝐸 = 1 ∗ 10−9 (64.58
+ 28.06𝑉)(𝑃𝑣,𝑠
𝑛
− ∅𝑃𝑣,∞ )

Natural
convection
Under
turbulent
air
flow

1

Rohwer
(1931)[18]

Still
&moving
air

1

𝐸 = 1 ∗ 10−9 (34.72
+ 20.97𝑉)(𝑃𝑣,𝑠
𝑛
− ∅𝑃𝑣,∞ )

Raimundo et al.,
(2014) [9]

Forced
convection
under
turbulent
air
flow

1

1- 𝐸 = 1 ∗ 10−9 (37.17 +
n
32.19V)(Pv,s − ∅Pv,∞ )
2- 𝐸 = 1 ∗ 10−3 (1.05 +
10.32𝑉)(m𝑣,𝑠 − m𝑣,∞ )

1- E = (0.00407V 0.8 L𝐶 −0.2 −
n

2-

(P −∅P
)
0.01107L𝐶 −1 ) 𝑣,s 𝑣,∞
hfg
𝐸 = (0.00562V 0.8 L𝐶 −0.2 −
0.01529L𝐶 −1 )(𝜌𝑣,𝑠 − ∅𝜌𝑣,∞ )

3- 𝐸 = 1 ∗ 10−6 (22.77 +
215.85V − 23.59∅ −
219.05∅V + 13.95∅V(𝑇𝑣,𝑠 −
𝑇𝑣,∞ ))
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Notes
Doesn’t address all
the
phenomena
involved
0 ≤ 𝑉 ≤ 0.7
Didn’t describe the
experimental
apparatus or
procedures used to
obtain the data. Yield
15% higher than
expected
Modified the Carrier
formula.
51 ≤ ∅ ≤ 73
21.7 ≤ 𝑇𝑎 ≤ 27.8
𝑇𝑤 = 28.3
Based on similarity
method
7℃ < 𝑇𝑤 < 94℃
6℃ < 𝑇𝑎 < 35℃
28% < ∅ < 95%
Used
small
evaporation
pan
(0.02 𝑡𝑜 0.07𝑚2 )
1- Based
on
modified
Dalton’s law
2- Based
on
Similarity
Method.
∆𝑇 = 5℃
45% < ∅
≤ 100%
𝑉 = 3 𝑚⁄𝑠𝑒𝑐
Experiment
procedure was like
that used by Himus
&Hinchley
1- experimental
2475 ≤ 𝑅𝑒 ≤ 17326
0.101 ≤ 𝑉 ≤ 0.697𝑚
/𝑠
1850 ≤ Pv,s − Pv,∞ ≤
8751 Pa
2- Numerical
3- Numerical
V
(0.1-2
m/sec)

Pauken
(1999)[21]

Mixed
convection
Under
turbulent
air
flow

1-

E = 1 ∗ 10−6 ∗ A (1 ∗
n
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2
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n=0.695
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=
hfg

𝐸 = 0.0015(1.13∆Θ1/3
+ 𝑉)(𝜌𝑣,𝑠
− 𝜌𝑣,∞ )
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n
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3600
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3600
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(
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16℃ ≤ Ta ≤ 26℃
14℃ ≤ 𝑇𝑤 ≤ 24℃
%50 ≤ ∅ ≤ %70
0.20m
0.38m
≤V≤
sec
sec
Based on similarity
Method with virtual
temperature

(𝑃𝑣,𝑠 , 𝑃𝑣,∞ )
𝑃𝑔

𝐴
= (0.03262V 3 + 0.01814V 2
+ 0.04818V + 0.02264)
n
= 0.009V 2 − 0.132V
+ 1.186
0.01
2- 𝐸 = 0.069 ∗ (
) (P𝑣,s −

3-

0.5 ≤ 𝑉 ≤ 1.5𝑚/𝑠𝑒𝑐
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(Pv,s − ∅Pv,∞ )
E=𝐴
ℎ𝑓𝑔
𝐴 = 0.2253 + 0.24644𝑉

𝑇𝑣,𝑠 , 𝑇𝑣,∞ =
Jodat (2012)[14]
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Dalton’s law
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Method
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𝑅𝑒
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n
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Gr 2
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Shtotal
Shfree
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𝑅𝑒 2
𝐺𝑟𝑚
𝑅𝑒 2
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2
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𝑅𝑒 2

3

)]

2.2 Air-Water Interface Transport
Heat and mass transfer process through the air-water interface is vital in many
engineering applications. Therefore, the analysis of the air-water interface is essential for an
air flowing parallel to the surface of the water used to dissipate heat. See figure 2.4 that is
used to explain the schematic diagram of the air-water interface.

Figure 2.4: Schematic of the Transport Processes at the Air-Water Interface[58].

The heat transfer from the water surface to airstream mixture has three mechanisms
that are: radiation, convection, and evaporation. In the case of simultaneous heat and mass
transfer, the heat transfer by evaporation is much higher than those by both radiation and
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convection. Evaporation is the process of vapor formation from the free water surface, and
this process requires the transfer of latent heat of vaporization to the water to vaporize it. In
other words, a concentration boundary layer enriched by vapor molecules is formed above
the evaporating surface, as shown in figure 2.5.
The transfer of vapor molecules from the evaporating surface to air is obtained by
molecular diffusion and vertical turbulent air mass exchange(advection) absolutely without
air motion; the water vapor transfer is obtained by molecular diffusion. Therefore, heat and
mass transfer govern the process of evaporation from a water surface into the airflow.

Figure 2.5: Concentration Boundary Layer Developed over A Horizontal Water Surface [3].

Diffusive water vapor flux through a unit area per unit time or evaporation rate is
presented by an expression that is analogous to Fourier’s law. The expression, which is
named Fick’s law [59], as follows:
𝑚𝑣,𝑠 " = 𝐸 = −DAB

∂ρv
∂ω
= −𝜌𝑔 DAB |
= −𝜌𝑔 DAB (ω1 − ω0 )
|
∂y y=0
∂y y=0

kg⁄
m2 . sec

2.43

Where 𝑚𝑣,𝑠 " represent the amount of water vapor (species A) that is transferred per unit
kg

time and per unit area perpendicular to the direction of transfer, 𝜌𝑔 (m3) is the mixture
density, 𝐷𝐴𝐵 (m2 /sec) is the binary diffusion coefficient or mass diffusivity, and it depends
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on wind speed, the roughness of the underlying surface and the rate of convection,
∂ω kg of water vapor
∂y

( kg of moist air.m ) is the vertical gradient of the specific air humidity, and ω0 and ω1 are

defined as the specific air humidity at the surface of the water and in the ambient conditions,
respectively. The negative sign indicates that the water vapor flux is positive in the direction
of decreasing specific air humidity. At any point corresponding to 𝑦 > 0 in the concentration
boundary layer, which means far away from the water surface, water vapor transfer is
caused by the bulk fluid motion(advection) and diffusion.
Analogous to Newton’s law of cooling, Fick’s law can be written that relates the mass
flux to the mass fraction difference, or the densities difference across the layer, respectively.
As follows:
E = hm ρg (mv,s − mv,∞ )

2.44

E = hm ( ρv,s − ∅ρv,∞ )

2.45

Where 𝑚𝑣,𝑠 𝑎𝑛𝑑 𝑚𝑣,∞ are defined as the mass fraction of water vapor at the water surface
and ambient air, respectively. 𝜌𝑣,𝑠 and ρ𝑣,∞ are defined as the densities of water vapor at the
surface of the water and at the ambient conditions, respectively, where ∅ is defined as the
relative humidity in the ambient, and hm is known as the convection mass transfer
coefficient.
In steady-state conditions, as shown in figure 2.6, the amount of heat lost due to
evaporation must be equal to heat transfer to the water body from its surrounding, if there
is no heat addition by other means and neglecting the radiation effect. Thus, the amount of
heat transfer by convection equals the amount of heat transfer due to evaporation.
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Figure 2.6: Heat Exchange at the Air-Water Interface[3].
qconvection = ℏ(Ts − T∞ )
qevaporation = mv,s " hfg = hm ( ρv,s − ∅ρv,∞ )hfg
ℏ(Ts − T∞ )
hm =
( ρv,s − ∅ρv,∞ )

2.46
2.47
2.48

Where Ts and T∞ are the temperatures of water vapor at the surface of the water and the
ambient conditions, respectively, ℎ𝑓𝑔 is known as the latent heat of vaporization, and ℏ
defined as the convection heat transfer coefficient. Here, the saturated vapor at the interface
is assumed to an ideal gas.
Convective heat and mass transfer at an air-water interface depend on the convective
processes happening on both sides (air and water) of that interface. Such that when water is
warmer than the air, based on Rayleigh-Benard's theory, that will explain later at section
(2.3.1), the warmer water heats the bottom layer of air, causing a decrease in density of that
layer of air. Then, producing buoyant flow in the air as well as in water, the upper layer of
the water becomes colder and denser than the bottom layer of water. Therefore, free
convection is found on both sides of the air-water interface. If induced wind over the water
surface under either of these conditions, it would likely appear in the presence of either
natural, mixed, or forced convection dominant depending on the effect of buoyancy force on
both sides of the air-water interface and the impact of the air motion.

37

To determine the absence or presence of free, forced, or mixed convection regimes
should use some correlation based on mass or heat transfer from the air-water interface.
Natural Convection Strength
Gr
L𝐶 3 gβ(Ts − T∞ )cosθ
υ2
G=
=
=
∗ ( 2 2)
Forced Convection Strength R e 2
υ2
V L𝐶

2.49

G is usually termed by the “Buoyancy force parameter” in its form of Richardson number.
This ratio will be important in determining whether a boundary layer flow can be treated as
a forced, natural, or combined convective flow. In general, when this ratio equals one, that
means the natural convection can’t be ignored compared to the forced convection, while
when that ratio is more than one, that means the natural convection will be the dominant
convection regime, and when that ratio is less than unity, forced convection regime will be
the dominant convection regime. This kind of result can be obtained by assuming a fixed size
of water surface kept under a fixed temperature yields a constant value of Grashof number,
and the velocity of fluid flow above the water surface may be varied which yields a ranging
value of Reynolds number. Thus, at low Reynolds number, the Nusselt number will be
constant and is designed as 𝑁𝑢𝑛 , so the natural convection will be existing. While at high
Reynolds number, the effect of buoyancy force can be neglected, and the value of Nusselt
number is high enough to set forced convection and the Nusselt number designed as 𝑁𝑢𝑓 .
When applying for Reynolds number between these two limits, Nusselt number variation
can be represented by the equation 2.75. As mentioned before, heat and mass transfer
govern the process of evaporation from a water surface into the airflow. Thus, mass transfer
correlations under free, forced, and mixed convection will be explained in this section, like
those correlations that are described for heat transfer under different convection regimes.
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Sherwood number (Sh) is the dimensionless mass transfer coefficient defined as the ratio of
total mass transfer rate by convection to mass transfer by molecular diffusion, also known
as mass transfer Nusselt number.
Sh =

Convactive mass transfer rate hm L𝐶
=
diffusion mass transfer rate
D𝐴𝐵

2.50
𝑚

Where ℎ𝑚 is the convection mass transfer coefficient for water in (𝑠𝑒𝑐) based on the
difference in vapor pressure above the water surface and ambient air. L𝐶 is the characteristic
length in the airflow direction in (𝑚), and D𝐴𝐵 is the diffusion coefficient of water in the air,
𝑚2

mass diffusivity in (𝑠𝑒𝑐).
Schmidt number (Sc) is the dimensionless mass transfer defined as the ratio of molecular
diffusivity of momentum to molecular diffusivity of mass transfer, also known as mass
transfer Prandtl number.
𝑆c =

molecular diffusivity of momentum
υ
μ
=
=
molecular diffusivity of mass transfer DAB ρg DAB

2.51

Momentum diffusivity is the relation between the flux of momentum (rate of transport of
momentum per unit area per unit time), and the difference in the momentum density
(momentum per unit volume).
Mass transfer Grashof number (𝐺𝑟𝑚 )is the dimensionless mass transfer defined as
Grm =

ρ𝑔 (ρg,s − ρg,∞ )gL𝐶 3
μ𝑔 2

2.52

Where ρ𝑔 is known as the mixture density based on the average film temperature between
the water surface and ambient air. (ρg,s 𝑎𝑛𝑑 ρg,∞ ) are defined as the densities of water vapor
at the air-water interface and the free stream (at ambient conditions), respectively. 𝜇 is the
dynamic viscosity of the air. As mentioned above for heat transfer, the empirical correlations
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are describing the relation of Sh𝑛 (Grm , Sc)and Sh𝑓 (R e , Sc) for free, forced, and mixed
convection under laminar and turbulent flow over a free water surface. The following
relations are mentioned at[21], and evaluated for an upward-facing evaporation surface
under free, forced, and mixed convection processes.

Natural Convection =
Laminar Flow

Sh = 0.54(Grm Sc)1/4

Grm Sc < 2 ∗ 107

2.53

Turbulent Flow

Sh = 0.14(Grm Sc)1/3

Grm Sc > 2 ∗ 107

2.54

R eL < 5 ∗ 105

2.55

R eL > 5 ∗ 105
with laminar entrance region

2.56

R eL > 5 ∗ 105
with turbulence entrance region

2.57

Forced Convection =
Laminar Flow

1

1

Sh = 0.664Sc 3 R eL 2
1

Turbulent Flow

Sh = Sc 3 (0.036R eL 0.8 − 836)

Turbulent Flow

Sh = 0.036Sc 3 R eL 0.8

1

For mixed or combined convection, the Sherwood number will be characterized by the
following equation:
Shm n = Shn n + Shf n

2.58

Here, the exponent n has the value fall between 3 and 4 when substituting the value of the
Nusselt number in that equation. Based on the literature, the exponent n should have a value
between 1 and 2 for mass transfer, but there is no specific value that has ever presented for
𝐺

this exponent in the literature. Where this ratio G= 𝑅 𝑟2 is used to distinguish between a
𝑒

convective regime based on heat transfer, Pauken used this ratio

𝐺𝑟𝑚
𝑅𝑒 2

to distinguish the

convective regime for mass transfer. In general, when that ratio is more than one, the effect
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of natural convection can’t be neglected. When that ratio is less than one, the impact of forced
convection can’t be ignored. When the mass transfer Grashof number (𝐺𝑟𝑚 ) is the same
order of magnitude of the square of the Reynolds number (𝑅𝑒 2 ), the ratio will be one and the
effects of free convection and forced convection can’t be neglected.
2.3 Convection Process
Convection heat transfer is defined as the heat transfer from one place to another by
the movement of fluids. Heat transfer by convection is the main form of heat transfer in
liquids and gases, thus can also be defined as heat transfer by mass motion of a fluid, such as
air or water, when the heated fluid is forced to move away from the source of heat, carrying
energy and mass with it.
Convective heat transfer above a hot surface happens because warm air expands by
increasing its volume, because it became less dense, and rises. Warm water is the same, has
less density than cold water, then expands and rises, creating convective currents, which
transport energy and mass. So, if the volume of the gases and the liquid increases, then their
densities will decrease, making it buoyant or if the temperature of a given mass of air
increases, then the volume of the air must be increased by the same factors. Convective heat
transfer can be defined mathematically by using Newton’s law of cooling, as follows:
q. = ℏ(Ts − T∞ )

2.59

Where 𝑞 . is the heat transfer per unit time per unit area, ℏ is convective heat transfer
coefficient, 𝑇𝑠 is surface temperature, and 𝑇∞ is defined as the fluid temperature. Convective
heat transfer can be classified into three types based on some correlations, described later
in this dissertation, which are: free or natural convection, forced convection, and mixed or
combined convection heat transfer[1–3].
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2.3.1 Natural Convection
Rayleigh–Benard Convection is a type of natural convection occurring in a horizontal
plane layer heated from below and considered a roughly incompressible fluid layer, held
between two horizontal fixed isothermal plates maintained at the same temperature and
kept under equilibrium. Firstly, the temperature of the bottom plate is the same at the top
plate. The fluid is considered under equilibrium, where its temperature is the same as its
surroundings. Then, the temperature of the bottom plate is increased slightly, producing
thermal flow energy conducted through a fluid layer. Then, the fluid begins to develop a
regular pattern of convection cells known as Benard cells [1–3], as shown in figure 2.7.

Figure 2.7: Rayleigh-Benard Convection Cells.

This process produces a hot fluid layer near the bottom plate and a cold fluid layer near the
top plate. As known, the cold fluid is denser than a hot fluid layer, thus producing an unstable
density gradient in the fluid layer. If the density gradient has enough strength to overcome
the viscous force in the fluid, the cooler fluid layer at the top plate will go down, and the hot
fluid layer will rise at the bottom plate, producing buoyancy force due to density difference
and becomes a driven force for free convective heat transfer and enhances the heat transfer
between two plates. Thermal instability within a fluid is measured by Rayleigh number, that
is defined in the following:
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Ra =

βg∆TL𝐶 3
να

2.60

Where 𝛽 is defined as the thermal expansion coefficient, g is defined as the acceleration due
to gravity, and ∆𝑇 is defined as the temperature difference. In the case of Rayleigh-Benard,
convection is the temperature difference between the two plates, L𝐶 is defined as the
characteristic length scale, which is the distance between two plates, 𝜈 is defined as the
kinematic viscosity of the fluid, and 𝛼 is defined as the thermal diffusivity of the fluid. The
convection process starts when the Rayleigh number exceeds a certain critical value. Thus,
the Rayleigh number is a quantitative measure of when the change from conductive to
convective transport happens for a given fluid. When the Ra exceeds that critical value, the
heat transfer by convection would likely be a primary energy transport mechanism. Rolls
appear the evolution, when the Ra is less than that critical value, so there is no convection
heat transfer available, only conduction heat transfer is present, and the steady rolls cannot
be observed. Rayleigh–Benard convection is approximately between 1708-1720. The
Rayleigh number can also be defined as the product of the Grashof number and the Prandtl
number, like the following:
R a = Gr Pr

2.61

Where Gr is known as the Grashof number, and Pr is known as the Prandtl number.
Grashof number is defined as the ratio of natural convection due to buoyancy force to
the viscous force acting on the fluid. The significance of the Grashof number is that it
represents the ratio between the buoyancy force due to spatial variation in the fluid density
caused by temperature difference to the restraining force due to the viscosity of the fluid.
Gr =

2
L𝐶 3 g𝜌
̅̅̅
𝑔 β(Ts − T∞ )

̅̅̅
μ𝑔 2

=

L𝐶 3 gβ(Ts − T∞ )
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2
̅̅̅
υ
𝑔

2.62

m

kg

Where 𝐿𝐶 (m) is defined as the characteristic length, g (sec2) is gravity, ̅̅̅(
𝜌𝑔 m3) is the density
1

kg

of the mixture, β(K) is the thermal expansion coefficient, ̅̅̅
μ𝑔 (m.sec) is the dynamic viscosity
m2

of the mixture, and ̅̅̅(
υ𝑔 sec)is the kinematic viscosity of the fluid. All fluid characteristics are
evaluated at film temperature:
TF =

For perfect gas, β =

1
T𝐹

Ts + T∞
2

2.63

is used. Temperature and concentration differences exist between the

free water surface and the bulk airflow over the free water surface. The evaporation process
causes the vapor concentration to be highest and the temperature to be lowest at the surface
of the water. The resulting density difference between the air-water vapor mixture at the
surface of the water and in the bulk air stream results in natural convection, which can be
quantified with a Grashof number (Grm ), also defined as:
Grm =

L𝐶 3 gρ̅g (ρg,s − ρg,∞ )

2.64

̅̅̅
μ𝑔 2

Where ρg,s & ρg,∞ are defined as the density of moist air at the free water surface and the
ambient, respectively.
Prandtl number is known as the ratio of two molecular transport properties which
are the kinematic viscosity υ which affects the velocity profile, and thermal diffusivity α,
which affects the temperature profile.
K
μ
, ν=
ρCp
ρ
ν Cp μ
Pr = =
α
K

2.65

α=

w

2.66
J

Where K(m.k) is defined as the fluid thermal conductivity and Cp (kg.k) is defined as the fluid
specific heat. For most evaporation calculations, the convection coefficient is obtained by
using the formula of the Nusselt number. A Nusselt number is a dimensionless number
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known as the ratio of the thermal energy convected to the fluid, to the thermal energy
conducted within the fluid. Thus, the Nusselt number can be defined as follows:
Nu =

Convective Heat Transfer
ℏLC
=
= CR a n
Conductive Heat Transfer K fluid

2.67

w

Where K fluid (m.k) is a thermal conductivity of the fluid, L𝐶 (m) is the characteristic length,
w

and ℏ(m2.k) is the convective heat transfer coefficient. C and n are constant and depend on
the geometry and the flow regime, respectively. Thus, the Nusselt number represents the
enhancement of the heat transfer through a fluid layer because of convection relative to
conduction across the same fluid layer. For heated isothermal horizontal surface facing
upward and a cold surface facing downward, the correlations for heat transfer are given by
McAdams(1954) [60]as follows:
1

Nu = {

0.54R a 4
1

0.15R a 3

for

104 ≤ R a ≤ 107

2.68
}

for 107 ≤ R a ≤ 1011

As in the case of free convection, the Prandtl number is assumed to be one. The
corresponding correlation is given by Fujii and Imura (1972)[61] for an approximately
uniform heat flux condition is
1

̅̅̅̅ = 0.14R a 3
Nu

for R a > 2 ∗ 108

2.69

2.3.2 Forced Convection
In this type, the fluid moves under the influence of an external force to provide highvelocity fluid reducing thermal resistance across the boundary layer front the fluid to the
heated plate, and this produced an increasing the amount of heat that is carried away by the
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fluid. A measure of the forced flow is determined by the Reynolds number and defined as
follows:
Rex =

ρ𝑔 U ∞ x U ∞ x
=
μ𝑔
ν𝑔

2.70

Where U∞ is defined as the velocity of the free stream of the fluid. Reynold number can be
defined as the ratio of inertia force and viscous force. In any flow, there are small
disturbances that appear at some distance from the leading edge; these disturbances can be
amplified and after a transition region, they develop into a fully developed turbulent flow
region. Therefore, it will be assumed that there is a critical distance (x) from the leading edge
to the turbulent flow region. When Reynold numbers have a small value, that means the
viscous force is relatively large compared to the inertia force, and the amplification of the
disturbance is prevented. Also, the thickness of the boundary layer is expected to increase.
The critical value of the Reynolds number, for which the flow over flat plate transition from
laminar to turbulent flow, varies between 105 and 3 ∗ 106 depending on the roughness of
the surface of the turbulence in the free stream.
Prandtl number is another dimensionless number, which is essential in the forced
convection. The effect of the Prandtl number is that it represents the ratio between energy
transport by diffusion in the velocity layer and energy transport by diffusion in the thermal
layer. Thus, for forced convection heat transfer is typically characterized by Nu = f(R e , Pr ).
For laminar flow, the local and average value of the Nusselt number as follows, respectively:
1 1
ℏx
= 0.332 R e x 2 Pr 3
K

Pr ≥ 0.6

2.71

̅̅̅
1 1
ℏx
= 2 ∗ 0.332 R e x 2 Pr 3
K

Pr ≥ 0.6

2.72

Nux =
̅̅̅̅
Nux =

The local value of Nusselt number for turbulent flow
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Nux =

1
ℏx
= 0.0296 R e x 4/5 Pr 3
K

0.6 ≤ Pr ≥ 60

2.73

2.3.3 Mixed Convection
Combined free and forced convection or mixed happens when a flow is obtained
simultaneously by both external energy supply to the fluid, and internal energy causes
nonuniform density distribution of a fluid medium in a gravity field. Thus, the mixed
convection consists of both forced and natural convection. Therefore, the Nusselt number
for mixed convection is a function of Reynolds, Rayleigh, and Prandtl numbers, as follows:
Num = f(Nun ∓ Nuf ) = f(R e , R a , Pr , θ)

2.74

Num n = (Nun n ∓ Nuf n )

2.75

Where Num , Nun , and Nuf are the Nusselt number for mixed, natural, and forced convection,
respectively. Where the value of index n depends on the geometrical situation being
considered, and θ is an angle between the direction of the forced velocity and the direction
of the gravity velocity. As Reynolds number decreases, natural convection becomes more
dominant, gradually approaching pure natural convection. While the Reynolds number
increases, forced convection becomes more dominant, gradually approaching pure forced
convection. Thus, two main cases are corresponding to the different combinations of free
convection effects and forced convection effects. Firstly, if the buoyancy force effect is in the
same direction of forced motion or reverse direction, it’s called assisting flow; in such case,
the Nusselt number for mixed convection, it will be the summation of Nusselt number for
natural and forced convection. Secondly, If the two currents are in the opposite direction, it’s
called opposing flow; in such case, the Nusselt number for mixed convection will be the
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subtraction between the Nusselt number for natural and forced convection. Figure 2.8 shows
the contribution of the Prandtl number.

Figure 2.8: Effect of Prandtl Number on the Velocity and Thermal Boundary Layers.

To obtain an indication of the relationship between free convection and forced
convection, the ratio between the Grashof number and square of Reynolds number can be
used. This ratio gives a qualitative indication of the influence of the buoyancy force on forced
convection when the Grashof number is at the same order of magnitude or larger than the
square of the Reynold number, and the free convection can’t be ignored, compared with the
effects of forced convection. Similarly, when the square of Reynolds number is the same
order of magnitude as the Grashof number, the forced convection must be considered
together with natural convection. This ratio was explained in more detail in the previous
section.
2.4 Thermophysical Properties
The evaporation of water into dry air consisting of a water vapor dry air mixture and
that is also known as a moist air or a humid air. The major components of the dry air are

48

nitrogen, oxygen, argon, carbon dioxide, and a small percentage of other gases. Also, it
contains a small percentage of water vapor, is about 1% at sea level, and is about 0.4% over
the entire atmosphere. Thus, dry air is a mixture of various components of gases of constant
composition.
The water vapor air mixture can be considered as a binary mixture, the amount of
water vapor changes from zero at completely dry air to a maximum at saturated moist air,
and that depends on temperature and pressure of both water surface and atmosphere.
Therefore, the dry air assumption can’t always be valid because when using the dry air
properties instead of moist air properties, it may lead to significant errors in calculating the
mass and heat transport fluxes. Therefore, humid air must be considered as a binary mixture
of water vapor and dry air when obtaining the thermophysical properties, and mass and heat
transport fluxes for the air flowing above the heated free water surface.
The mole fraction of each component of an ideal mixture of liquid can be defined
based on Raoul’s law that is equal to the partial vapor pressure divided by its vapor pressure
of pure components [61–64], as follows:
xv,i =

Pv,i
Pg

2.76

Where 𝑃𝑣,𝑖 is defined as the partial vapor pressure at different locations, and 𝑃𝑔 is defined
as the total pressure of the experiment and was measured using absolute gauge pressure
manufactured by Wallace and Tiernan, where 𝑖 = 1,2 for inlet and outlet of the test section,
respectively.
Humidity is described as the amount of water vapor that exists in the dry air. It can
also be defined as an absolute, specific, or relative value. The relative humidity is defined as
the ratio between the actual amount of water vapor in the dry air compared to the total
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amount of water vapor that’s present in the dry air at its current temperature and can be
defined as:
∅i =

xv,i
Pv,i
=
xsv Psat(Ti)

2.77

Where, 𝑃𝑠𝑎𝑡(𝑇𝑖 ) is defined as the saturated water vapor and 𝑥𝑠𝑣 is defined as the mole
fraction of the saturated water vapor under an ideal gas assumption. Specific humidity is
also known as the humidity ratio is defined as a mass of water vapor in a unit mass of moist
air, can also be described as a following:
ωi =

R a Pv,i
∙
R v Pa,i

2.78

Where 𝑅𝑎 is defined as a gas constant of air whose value of 287 J/Kg. K, 𝑅𝑣 is defined as a gas
constant of water vapor with a value of 462 J/Kg. K. The partial pressure of dry air (𝑃𝑎,𝑖 ) is
calculated by assuming that the total pressure of the experiment (𝑃𝑔 ) was constant during
the experiment and was measured in the laboratory by using absolute gauge pressure,
Pa,i = Pg − Pv,i

2.79

By substituting the values of a gas constant of the air and the water vapor, values of 𝑃𝑣,𝑖 from
equation 2.77 and the value of 𝑃𝑎,𝑖 from equation 2.79 into equation 2.78. Thus, equation
2.78 becomes [62],
ωi =

0.622 ∙ ∅i Psat(Ti)
Pg − ∅i Psat(Ti)

2.80

By substituting the value of 𝑃𝑣,𝑖 from equation 2.77 into equation 2.76, the following relation
is derived:
𝑥𝑣,𝑖 = ∅𝑖

𝑃𝑠𝑎𝑡(𝑇𝑖)
𝑃𝑔
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2.81

The saturated water vapor pressure formulas can only be applied when the water
vapor is considered as the only gas component present (an ideal gas behavior is considered).
If the other gases are existing in the gas mixture, the saturation water vapor pressure will
increase. This effect can be neglected when the saturation water vapor pressure is equal or
less than the ambient pressure, but when the saturation water vapor pressure is more than
the ambient pressure, this leads to the nonideal behavior of the mixture in the saturation
state. Thus, this effect should be considered and introduced in the enhancement
factor ℱ(𝑃, 𝑇), defined as a dimensional quantity introduced by Goff (1949)[65], and it’s a
function of pressure and temperature. Thus, equation 2.81 can be written as the following
equation:
xv,i = ℱ(P, Ti )∅i

Psat(Ti)
Pg

2.82

Enhancement factor ℱ(𝑃, 𝑇) can also be defined as the following equation [63, 64, 66]:
ℱ(𝑃, 𝑇𝑖 ) = exp [𝜉1 . (1 −

𝑃𝑠𝑎𝑡(𝑇𝑖)
𝑃𝑠𝑎𝑡(𝑇𝑖)
− 1)]
) + 𝜉2 . (
𝑃𝑔
𝑃𝑔

2.83

ξ1 = 3.53624 ∗ 10−4 + 2.93228 ∗ 10−5 Ti + 2.61474 ∗ 10−7 Ti 2 + 8.57538 ∗ 10−9 Ti 3
ξ2 = exp[−1.07588 ∗ 101 + 6.32529 ∗ 10−2 Ti ± 2.53591 ∗ 10−4 Ti 2 + 6.33784 ∗ 10−7 Ti 3 ]

Many experiments have been done to estimate the saturation water vapor pressure
over a wide range of water surface temperature. Thus, there are countless numbers of
empirical correlations that are used to obtain saturated water vapor pressure. In this
experiment, three equations were tested by measuring the ability of these equations to
predict the value of known vapor pressure under the same temperature and pressure then
the percent of error was calculated, and the empirical correlation that produced the
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minimum percent of error was used in the calculation of this experiment. The empirical
correlations were tested as follows:
1.

Psat(Ti)= exp (

C1
+ C2 + C3 Ti + C4 Ti 2 + C5 Ti 3 + C6 lnTi )
Ti

2.84

Where 𝑃𝑠𝑎𝑡(𝑇𝑖) is the saturation vapor pressure (𝑃𝑎), 𝑇𝑖 is the absolute temperature, K = °C
+ 273.15, for the following values of numerical constants 𝐶1 = −5.800 220 6 ∗ 103 , 𝐶2 =
1.3914993 ∗ 100 , 𝐶3 = − 4.8640239 ∗ 10−2 , 𝐶4 = 4.176 476 8 ∗ 10−5. This equation is valid
for the temperature range of 0 to 200 °C [52].
2.

Psat(Ti)= 105 exp (65.832 − 8.2lnTi + 5.717 ∗ 10−3 Ti −

7235.46
)
Ti

2.85

Where 𝑃𝑠𝑎𝑡(𝑇𝑖) is the saturation vapor pressure (𝑃𝑎) , 𝑇𝑖 is defined as the absolute
temperature, K = °C + 273.15, and there is no information about the range of temperature
where this equation must be applied[14, 67].
3.

Psat(Ti)= (0.7073034146 − 2.703615165 ∗ 10−2 Ti + 4.36088211 ∗ 10−3 Ti 2

2.86

− 4.662575642 ∗ 10−5 Ti 3 + 1.034693708 ∗ 10−6 Ti 4 )

Where 𝑃𝑠𝑎𝑡(𝑇𝑖) is the saturation vapor pressure (𝐾𝑃𝑎), 𝑇𝑖 is defined as the temperature °C.
This equation is only valid for the temperature range of 0 to 100 °C with a percent of error
less than 1.5% for 25 °C, and less than 0.2% for temperatures up to 100 °C. In this
experiment, the temperature range was 27 °C up to 76 °C less than boiling water
temperature[63, 64]. The conclusion that is the best correlation and produces a minimum
percent of error was equation 2.84 from [52]. Thus, this equation was used in this
experiment.
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The density of the moist air is obtained by the following equation as a function of
corresponding partial water vapor pressure, the partial pressure of dry air, and molar
fractions for water vapor and dry air 𝑃𝑣 , 𝑃𝑎 = 𝑃𝑔− 𝑃𝑣 , 𝑥𝑣,𝑖 , 𝑥𝑎 = 1 − 𝑥𝑣 , respectively [63, 64].
𝜌𝑔,𝑖 =

𝑃𝑠𝑎𝑡(𝑇𝑖)
𝑃𝑔
𝑀𝑣
∙ 𝑀𝑎 ∙ [1 − ℱ(𝑃, 𝑇𝑖 ) ∙ ∅𝑖 ∙ (1 −
)∙(
)]
𝑀𝑎
𝑃𝑔
𝑧𝑚 (𝑥𝑣,𝑖 , 𝑇𝑖 ) 𝑅 ∙ 𝑇𝑖
1

∙

2.87

Where 𝑧𝑚 (𝑥𝑣,𝑖 , 𝑇𝑖 ) is defined as the compressibility factor for gases, 𝑀𝑎 is defined as the
molecular mass of dry air 28.9635

𝐾𝑔
𝐾𝑚𝑜𝑙

, 𝑀𝑣 is defined as the molecular mass of water vapor

𝐾𝑔

18 𝐾𝑚𝑜𝑙 , and R is defined as the universal gas constant 8.31441

𝐽
𝑚𝑜𝑙.𝐾

. The value of the

compressibility factor 𝑧𝑚 (𝑥𝑣,𝑖 , 𝑇𝑖 ) and enhancement factor ℱ(𝑃, 𝑇𝑖 ) are assumed to be one,
and that leads to producing a very small percent of error around 0.38% for temperature
which is about 50 °C, less than 1.5% for temperature which is about 100 °C, and less than
0.5% for temperature which is about 75 °C. Thus, the above equation became:
ρg,i = (3.484 − 1.317 ∙ xv,i ) ∙

Pg
Ti

kg⁄
m3

2.88

Where 𝑇𝑖 is defined as the absolute temperature, K = °C + 273.15, 𝑃𝑔 is defined as the total
pressure of the experiment in Kpa; the above equation also recommended by Nelsons
(1980)[68]. The density of moist air at the ambient 𝜌𝑔,∞ can be calculated by taking the
average of the inlet and outlet densities of the test section, as follows [14, 61, 69]:
ρg,∞ =

ρg,1 + ρg,2
2

2.89

Thus, the mean mixture density of air in the boundary layer ̅̅̅̅̅
𝜌, 𝑔 is defined as follows:
ρg =
̅̅̅

ρg,∞ + ρg,s
2

2.90

The mass fraction of water vapor at the water surface and the ambient air can be
obtained from the following equation[2]:
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mv,i =

Mv xv,i

2.91

Mv xv,i + Ma (1 − xv,i )

Dynamic viscosity of humid air can be calculated by using the following equation[63,
64, 70]:
μg,i =

(1 − xv,i ) ∙ μa,i
(1 − xv,i ) + xv,i φav,i

xv,i ∙ μv,i

+

xv,i + (1 − xv,i ) ∙ φva,i
2

𝜑𝑎𝑣,𝑖 =

𝜇 0.5 𝑀 0.25
[1 + (𝜇𝑎,𝑖 ) ∙ (𝑀𝑣 ) ]
𝑣,𝑖
𝑎

2

=

𝑀 0.5
2√2 ∙ (1 + 𝑀𝑎 )
𝑣
2

φva,i =

μ 0.5 M 0.25
[1 + (μv,i ) ∙ (Ma ) ]
a,i
v

𝜇 0.5
[1 + (𝜇𝑎,𝑖 ) ∙ 4.567725997]
𝑣,𝑖

2.93

0.8880296562
2

=

M 0.5
2√2 ∙ (1 + Mv )
a

2.92

pa. s

μ 0.5
[1 + (μv,i ) ∙ 1.126088519]
a,i

2.94

3.602093512

Dynamic viscosity of dry air can be calculated by the following equation:
μa,i . 106 = −9.8601 ∙ 10−1 + 9.080125 ∙ 10−2 Ti − 1.17635575 ∙ 10−4 Ti 2 + 1.2349703
∙ 10−7 Ti 3 − 5.7971299 ∙ 10−11 Ti 4
pa. s

2.95

𝑇𝑖 is defined as the absolute temperature, K = °C + 273.15. The above equation is valid in
temperature range −23℃ ≤ 𝑇 ≤ 327℃.
Dynamic viscosity of water vapor can be calculated by the following equation:
μv,i ∙ 106

2.96
Ti
647.27

√
=

647.27 1
647.27 2
647.27 3
0.0181583 + 0.074582 ∙ ( T ) + 0.0105287 ∙ ( T ) − 0.0036744 ( T )
i
i
i
pa. s

𝑇𝑖 is defined as the absolute temperature, K = °C + 273.15. The dynamic viscosity of moist
air at the ambient 𝜇𝑔,∞ can be calculated by taking an average of the inlet and outlet densities
of the test section as follows:
μg,∞ =

μg,1 + μg,2
2
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2.97

Thus, the mean mixture dynamic viscosity of air in the boundary layer ̅̅̅
𝜇𝑔 is defined as
follows:
̅̅̅
μg =

μg,∞ + μg,s
2

2.98

Thermal conductivity of humid air can be calculated by the following equation:
K g,i =

(1 − xv,i ) ∙ K a,i
(1 − xv,i ) + xv,i φav,i

+

xv,i ∙ K v,i
xv,i + (1 − xv,i ) ∙ φva,i

2.99

W⁄m. k

Thermal conductivity of dry air can be calculated by the following equation:
K a,i = −2.276501 ∙ 10−3 + 1.2598485 ∙ 10−4 Ti − 1.4815235 ∙ 10−7 Ti 2 + 1.73550646
∙ 10−10 Ti 3 − 1.066657 ∙ 10−13 Ti 4 + 2.47663035 ∙ 10−17 Ti 5 W⁄m. k

2.100

𝑇𝑖 is defined as the absolute temperature, K = °C + 273.15. The above equation is valid in
temperature range −23℃ ≤ 𝑇 ≤ 777℃ [63, 64, 70].
Thermal conductivity of water vapor can be calculated by the following equation:
K v,i = 1.761758242 ∙ 101 + 5.558941059 ∙ 10−2 Ti + 1.663336663 ∙ 10−4 Ti 2

W⁄m. k

2.101

𝑇𝑖 is defined as the absolute temperature, K = °C + 273.15. The thermal conductivity of moist
air at the ambient 𝐾𝑔,∞ can be calculated by taking the average of the inlet and outlet
densities of the test section as follows:
K g,∞ =

K g,1 + K g,2
2

2.102

Thus, the mean mixture thermal conductivity of air in the boundary layer ̅𝐾̅̅𝑔̅ is defined as
follows:
̅K̅̅g̅ =

K g,∞ + K g,s
2

2.103

Specific heat capacity of humid air can be calculated by the following equation:
Cpg,i = Cpa,i ∙ X a,i ∙

Ma,i
Mv,i
+ Cpv,i ∙ X v,i ∙
Mg,i
Mg,i
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2.104

Where, Xa,i = 1 − Xv,i and Mg,i = Ma,i ∙ Xa,i + Mv,i ∙ Xv,i .Thus, the above equation becomes
Cpg,i =

Cpa,i ∙ Ma,i ∙ (1 − X v,i ) + Cpv,i ∙ Mv,i ∙ X v,i

2.105

Ma,i ∙ (1 − X v,i ) + Mv,i ∙ X v,i

Specific heat capacity of dry air can be calculated by using the following equation:
Cpa,i = 0.103409 ∙ 101 − 0.284887 ∙ 10−3 Ti + 0.7816818 ∙ 10−6 Ti 2 − 0.4970786 ∙ 10−9 Ti 3
+ 0.1077024 ∙ 10−12 Ti 4
kJ⁄kg ∙ K

2.106

𝑇𝑖 is defined as the absolute temperature, K = °C + 273.15. The above equation is valid in
temperature range 0℃ ≤ 𝑇 ≤ 120℃ [63, 64, 70].
Specific heat capacity of water vapor can be calculated by the following equation:
Cpv,i = 1.86910989 − 2.578421578 ∙ 10−4 Ti + 1.941058941 ∙ 10−5 Ti 2 kJ⁄kg ∙ K

2.107

𝑇𝑖 is defined as the absolute temperature, K = °C + 273.15. The specific heat capacity of moist
air at the ambient 𝐶𝑝𝑔,∞ can be calculated by taking the average of the inlet and outlet
densities of the test section as follows:
Cpg,∞ =

Cpg,1 + Cpg,2
2

2.108

Cpg,∞ + Cpg,s
2

2.109

Thus, the mean mixture specific heat capacity of air in the boundary layer ̅̅̅̅̅
𝐶𝑝𝑔 is defined as
follows:
̅̅̅̅̅
Cpg =

As was mentioned before, when water vapor diffuses into dry air, humid air mixture will be
formed. Thus, the thermophysical properties of moist air must be used, especially when the
total pressure of the experiment is much higher than the value of atmospheric pressure.
Ignoring this concept may be considered as the main reason for the discrepancies between
experimental data and empirical correlations.
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The most important issue is there is a lot of equations about the binary diffusion
coefficient found in literature without any information about where these equations are
valid, like the temperature range and pressure range. Therefore, it’s very hard to decide
which of these equations should be used to evaluate the correlation of water evaporation
rate. Three formulas of the binary diffusion coefficient (𝐷𝑣,𝑎 ) that are already found in the
literature were tested in [71] as follows:
1.

Ts
2
Dv,a (m ⁄sec) = 1.87 ∙ 10−10 (

2.072

Pg

)

2.110

Where 𝑃𝑔 in a unit of (atm) and Ts in a unit of (k ) . This equation is valid for temperature
range (282𝐾 ≤ 𝑇 ≤ 450𝐾), and percent of error is around 10% [2, 72].
2.

2.5

2.111

0.926
Ts
2
Dv,a (mm ⁄sec) =
(
)
Pg
Ts + 245

Where 𝑃𝑔 in a unit of (Kpa) and Ts in a unit of (K ). This empirical equation is valid for mass
diffusivity of water vapor in air temperature up to 1100℃ [52, 73].
3.
2
Dv,a (m ⁄sec) =

1
1 1/2
0.04357 ∗ Ts1.5 ∗ (M + M )
a
v

2.112

2

Pg ∗ (∀a1/3 + ∀v1/3 )

The above equation is a semi-empirical equation derived by Gilliland (1934)[74].
Where(∀𝑎 , ∀𝑣 ) are the molecular volumes of air and water vapor, respectively. (𝑀𝑎 , 𝑀𝑣 )
are the molecular masses of air and water vapor, respectively. 𝑇𝑠 is the temperature
in a unit of (K ), 𝑃𝑔 in a unit of (𝐾𝑝𝑎). For air: ∀𝑎 = 29.9 and 𝑀𝑎 = 28.97. kg/kmol. For water
vapor: ∀𝑣 = 18.8 and 𝑀𝑣 = 18.016. kg/kmol [1, 74, 75]. Devera 2017[71] concluded that
equation numbers (2.110 & 2.112) could be used with turbulent natural convection
condition to get the smallest error between experimental and calculated results of
evaporation rate but to get more precise results equation 2.110 should be used in case of
the evaporation rate of 10 g/sec. Also, he found the equation number (2.111 ) with laminar
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natural convection can be used. In the current study, equation number (2.110 ) was used to
evaluate the empirical correlation of the evaporation rate from the free water surface based
on the similarity method.
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2.5 Conclusion
There are many methods found in the literature that can be used to predict the
evaporation rate from the free water surface like evaporimeter methods, analytical methods
such as water-budget methods, energy balance methods, mass-transfer methods, and
combined methods, and the empirical correlations evaluated from the experimental results.
From this chapter, the most common and reliable method that can be used to predict the
evaporation rate is the produced empirical correlation from the experimental results for
each particular system.
In this chapter, a comparison between many well-known correlations that can be
used to predict the evaporation rate from the free water surface has been carried out. These
empirical correlations are strongly affected by the statistical analysis techniques that were
used. These historical correlations don’t show a consistent estimate in predicting
evaporation rate from free water surface because many factors are: they don’t consider the
non-linear relationship between the evaporation rate and the partial vapor pressure
difference. Also, they don’t consider the effect of relative humidity when calculating the
partial vapor pressure of the ambient air temperature for the saturation conditions, and that
may predict the evaporation rate value more than that expected.
All of the empirical correlations are evaluated based on the properties of dry air
instead of thermophysical properties of mixture water vapor and dry air resulting in
significant errors in predicting evaporation rate, especially at the high range of water surface
temperature. Also, there are many correlations available in literature used to evaluate the
partial vapor pressure at the temperature of water surface and ambient air, and these
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correlations are valid at a specific range of temperature and pressure. Thus, there are some
errors in predicting the evaporation rate that comes from which correlations are applied.
The most crucial factor is the height at which the airflow velocities are measured
above the free water surface and based on literature, they selected the height based on the
measurement tools they have. Also, the experiments were done based on the flume-wind
tunnel combinations, the airflow velocities, air relative humidity at the inlet and outlet test
section, and air temperature at the inlet and outlet test section must be measured at the same
elevation above the water surface. Ignoring this parameter will produce high deviations
between the actual evaporation rate and predicted value. The final factor that could be an
effect on the evaporation rate is the size of the evaporation pan. A higher evaporation rate
can be obtained from a smaller size of the evaporation pan that is more than that expected.
Another method that can be utilized to predict the evaporation rate is an analogy
between heat and mass transfer. This method can be used under certain conditions; one of
these conditions is the free water surface is considered as a smooth horizontal flat plate for
an upward-facing evaporating water surface. Another condition is the horizontal velocity of
water vapor diffusion is negligible compared with the main airflow velocity.
The results were evaluated based on the similarity method, strongly affected by the
equation used to evaluate the binary diffusion coefficient. The final important condition is an
analogy between heat and mass transfer that is only valid for low rate mass transfer, which
means the vertical diffusion of water vapor is not affecting the airflow velocity profile. There
are no sufficient works done to predict the evaporation rate from the wavy water surface.
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3. EXPERIMENTAL SETUP and METHODOLOGY
3.1 Overview
The proposed experimental methodology is outlined in detail in this section. As stated
in section 1.3, the objective of this research is to develop empirical correlations that can be
used to predict the evaporation rate from a still water surface under different convection
mechanism (natural, forced, and mixed convection) and the turbulent flow regime that are
influence the rate of evaporation based on two different models that are Modified Dalton’s
model and Similarity model. Also, study the evaporation rate from the wavy water surface at
different wave parameters (H/T, H/L) and investigate the airflow structure above
evaporated water surface in both cases, still and wavy water surface. The experiment was
done in three phases to achieve the objectives that are mentioned in section 1.3. The overall
experimental setup will be described in section 3.2.

3.2 Experimental Setup and Measurements
3.2.1 Experimental Setup
The experiment presented in this study was performed in a wave tank combined with
a wind tunnel. The wave tank was designed and equipped for evaporation rate from still and
wavy water surface and air-water interaction studies. The wave flume tank consists of a
large clear acrylic plexiglass channel with dimensions, 7.32 m long, 0.1525 m wide, and 0.36
m deep. Flume tank was divided into three equal sections, and the middle section was
considered as the test section. The wind tunnel was built above the middle part to allow
airflow passes over the water surface with the following dimensions: 2.44 m long, 0.1525 m
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wide, and 0.8 m height, the combination of wave flume tank with wind tunnel could be seen
in Figures (3.1).

Figure 3.1: Schematic Diagram of the Wave Flume- Windtunnel Combination Setup. Where: A1 &A2
are the Test Sections at the Level of Water Surface and 60 cm From the Bottom of the Wave Tank,
Respectively. h is the Water Level, 28 cm, and 17 cm, for Still and Wavy Water Surface Experiments,
Respectively. PS1 & PS2 are the Locations of the Honeywell Pressure Sensors.

The wind tunnel, manufactured by New York Blower Inc., was used to draw fresh dry
air inside the test section, and another channel was built to connect this wind tunnel with
the test section. This channel consists of two sections: the first section is a straight section
that is connected to the end of the wind tunnel (Nozzle) to make the flow transition smooth.
The second section is the Diffuser to decelerate entering airflow and reduce any air
turbulence that could be affected on the evaporation from the water surface and make sure
there is uniform air movement above the evaporation water surface. A schematic diagram
for this channel could be seen in Figure (3.2).
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Figure 3.2: A Schematic Diagram for a Connected Channel. Where L1=25 cm, L2= 196 cm, L3= 93
cm, H1=25 cm, H2= 80 cm.

Air velocity in the wind tunnel was controlled by changing the RPM of the centrifugal
fan of the wind tunnel. An axial fan was used at the end of the test section to remove saturated
air from the test section and allow it to get new fresh dry air.
It is important to observe and quantify the actual momentum transport over the
evaporation water surface. Apparatus was installed in the wave tank to inject tracers into
the air stream above the evaporation water surface to trace air motion. Thus, that allows
using the PIV system to investigate the effect of airflow and turbulence characteristics on the
vertical mass transport and the evaporation rate. Also, the Particle Image Velocimetry
system (PIV) technique was used to measure airflow velocity ranging between (0.4-2.5
m/sec) above the evaporated water surface and in the middle of the test section.
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Relative humidity with K-type thermocouples were installed at the inlet and outlet of
the test section at 32 cm above the still water surface or 60 cm from the bottom of the wave
tank to record the air temperature ranging from (27 to 40 C) and relative humidity ranging
from (40% to 89%) recorded every single second using OMEGA USB product (version
1.03.17721).
As mentioned above, the wave tank was divided into three equal square sections and
was installed two K-type thermocouples at two different locations at each section to measure
water surface temperature. One of these was installed (1- 2) mm above the water surface,
and another one at 4 mm below the water surface, then mean water temperature ranging
from (27 to 77C) was obtained by taking the average of each reading. Three over the side
immersion electrical heaters were mounted in the middle of each section near the bottom of
the wave tank to get the appropriate water temperature. The water level (h) for the still
water experiment was considered at 28 cm from the bottom of the tank and 17 cm for the
wavy water surface. A schematic diagram for the combination wave flume tank with wind
tunnel could be seen in Figure (3.3).
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Figure 3.3: A Schematic of the Experimental Setup. The Drawing is Not to Scale.
#
1
2
3
4
5

Part
Wind Tunnel
Paddle Drive System
Relative Humidity & Temperature
Sensor (RHT)
Test Section
Axial Fan

#
6
7
8

Part
Wave Absorber(beach)
Electric Heater
CCD Camera

9
10

LA vision Software
Seeding Equipment

11
12
13

Part
LabView software
Data Acquisition system
Small Tank with Siphon
&electronic balance
K- Type Thermocouples
Honeywell pressure sensor

Waves were considered with mechanically generated waves by Flap wavemaker
operated by an electrical motor and by changing the rotational speed of this electrical motor,
waves with different frequencies or periods could be developed. The digital photosensor
tachometer was used to measure the frequency of the electric motor of the wavemaker.
Three methods were used to obtain wave height, wavelength, and period. Firstly,
Honeywell pressure sensors (PS1, PS2) were mounted at the bottom of the wave tank at two
different locations: one of them at 1 m from the wavemaker and another one at 5 m from the
wavemaker to get a fully developed wave, see figure (3.1). Wave height and period were
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obtained from pressure reading, then implemented in linear wave theory equations,
especially dispersion relation to wavelength. Secondly, the Laser Sheet technique was used
to get wave height and wavelength and could be seen in more detail later in this chapter.
Thirdly, by assuming that the frequency of the wavemaker is the same as wave frequency.
Then the dispersion relation could be used to get wavelength, then use the transfer function
of the flap wavemaker (the relationship between wave height and the wave paddle stroke)
to get wave height. A wave absorber was mounted at another end of the wave tank to absorb
waves and dissipate wave energy smoothly. All these instruments were calibrated before
use, and all these data were recorded by using a data acquisition system every single second.
The details about the instruments that were used in this experiment could be seen in table
3.5.

3.2.2 Experimental Procedure
The evaporation experiment was divided into two stages: at still water surface
without waves and at the wavy water surface. The evaporation rate experiment was started
by filling up the tank with drinking water at room temperature (27 C) to 28 cm water level
for still water surface, and 17 cm water level for wavy water surface, then wind tunnel was
operated at specific speed (0.4,0.495, 0.8125, 1.1, 1.65, 2.029, and 2.5 m/sec) at least for half
an hour before recording data to get uniform and fully developed flow. Also, for the wavy
water surface, the experiment was started by operating a wavemaker at a specific wave
period (0.477, 0.5599, and 0.958 sec). The small tank was filled with drinking water, and the
siphon was filled with water before it was placed in that position. During this preparation
stage, measuring air temperature, relative humidity, water temperature without recording
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the data was started. After that, the immersion electrical heaters were operated and started
recording all data using a data acquisition system every single second. Also, during this
period, recording the mass change was started from the small tank that was connected to the
large tank through a siphon using a very sensitive electronic balance.
The experiment for still water surface was done for seven runs, and it took about 4 to
7 hours for each run to complete the experiment. Wavy water surface experiment was done
for twelve runs that were done under a combination of wind speed (0.4, 0.8125, 1.65, and
2.5 m/sec) and different wave periods (0.477, 0.5599, and 0.958 sec). After these
experiments were done, recording the experimental data was stopped, the PIV visualized
technique was used to investigate the airflow structure at a still and wavy water surface at a
high water surface temperature. Also, the PIV technique was used to measure air velocity at
the middle of the test section at 60 cm from the bottom of the wave tank at the beginning of
experiment where the water surface temperature is 27C and at the end of experiment where
the water surface temperature is 75C to see if there is any change in velocity reading: in
other words, to see if the diffusional mass flux due to evaporation does have an effect on the
imposed velocity.
3.2.3 Temperature Measurements
The air temperature was measured using Relative Humidity & Temperature Sensor
(RHT) located at the inlet and outlet of the test section at the same level where the air velocity
was measured and the air temperature ranging from (27 to 40 C).
The wave tank was divided into three equal square sections, and two K-type
thermocouples were installed at two different locations at each section to measure water
surface temperature. One of these was installed (1- 2) mm above the water surface, and
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another one at 4 mm below the water surface, then mean water temperature ranging from
(27 to 77C) was obtained by taking the average of each reading.
Over the side immersion heaters were mounted near the bottom of the wave tank to
obtain the temperature of the wave tank to the desired condition, and they were high heat
flux heaters with 4000 W each. The heaters were made of heavy-duty steel heating elements,
riser and Junction Box with an optimal thermostat to control the water temperature.
3.2.4 Relative Humidity, Total Pressure, and Density Measurements
Air relative humidity was measured using two sensors that were placed at the inlet
and outlet of the test section. Relative humidity ranging from (40% to 89%) and the data
was recorded every single second using OMEGA USB product (version 1.03.17721).
A barometer was used to measure the total pressure of the laboratory for each
experiment. Then, the ideal gas law and measurements of temperature and relative humidity
were utilized to obtain the value of thermophysical properties like ( density, thermal
conductivity, specific heat capacity, and dynamic viscosity) for water vapor and dry air at
the water surface and at the ambient at the inlet and outlet of the test section. More details
about these formulas can be found at section 2.4.
3.2.5 Wave Parameter Measurements
The wave generator was composed of a ¼ HP, 1725 RPM, 115 V, and 4.4 A electrical
motor and a Plexiglas flap, see figure 3.4.
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Figure 3.4: Wave Generator System.

Waves were generated by a flap-type bottom-hinged paddle mounted at one end of
the tank, which travels down the trough and is supposed to dissipate smoothly on the slope
of the beach, or it can be called a wave absorber. The paddle (wavemaker) was driven by an
electrical motor. Various paddle motion was achieved by varying the rotational speed of the
electrical motor.
Three methods were used to obtained wave height, wavelength, and period. Firstly,
Honeywell pressure sensors were mounted at the bottom of the wave tank at two different
locations: one of them at 1 m from the wavemaker and the other one at 5 m from the
wavemaker to get a fully developed wave. Wave height and period were obtained from
pressure reading, and then the linear wave theory equation was implemented, especially
dispersion relation to getting wavelength. Secondly, the Laser Sheet technique was used to
get wave height and wavelength and could be seen in more detail later in this section. Finally,
by assuming that the frequency of the wavemaker is the same as wave frequency, then the
dispersion relation could be used to get wavelength and then use the transfer function of the
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flap wavemaker (the relationship between wave height and the wave paddle stroke) to get
wave height.
Two wave parameters were considered in this investigation that were the wave
steepness parameter, which is defined as the wave height to wavelength ratio (H/L), and
wave height to wave period(H/T). Corresponding to kinds of literature, the correlation of
either of these two parameters with the evaporation data produced the same results. Also,
based on literature, this parameter (H/T) seems more appropriate for two reasons: wave
period is more accessible to measure than the wavelength, and the parameter (H/T) contains
information on wave velocity as well as wavelength. In this experiment, the ratio of (H/L)
was used because it includes the details about the breaking waves.
3.2.5.1

Wave Characteristics

Four parameters define characteristics of the gravity wave that are: Height (H, m) or
amplitude(a=H/2, m), Length (L, m), Period (T, sec) or angular frequency (𝜛, 1/sec), and
wave steepness (H/L) or this parameter(H/T, m/sec).
Wave height is the vertical distance between the crest and the trough, where the
amplitude is the distance from the still water level also known as zero energy level (assumed
to be at the center of the wave is the halfway between the crest and trough, h(m)) to the
bottom of the trough or the top of the crest. Thus, the wave height is twice of the wave
amplitude.
Wavelength is the horizontal distance between two successive troughs or crests. The wave
period is the time required for one full wavelength to pass a given point. Where the wave
frequency is the number of a wave crest or wave trough that pass a fixed point per unit of
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time and is the inverse of the period. Wave steepness is the ratio between wave height and
wavelength. See figure 3.5.

Figure 3.5: The Wave of Water Parameters.

Wind waves are classified according to the ratio between still water depth and
wavelength (h/L). Thus, wind waves are considered as deep-water waves when the still
𝐿

ℎ

water depth is greater than half of the wavelength (ℎ > 2 𝑜𝑟 𝐿 > 0.5) , intermediate or
𝐿

𝐿

transitional water waves when ( 2 > ℎ > 20 𝑜𝑟 0.5 >
𝐿

ℎ
𝐿

> 0.05), and shallow water waves

ℎ

when (ℎ < 20 𝑜𝑟 𝐿 < 0.05) . This study was concerned with intermediate water gravity
waves (0.15693, 0.35816, 0.47487).
3.2.5.2

Linear Gravity Wave Theory

Linear gravity wave theory, also known as Airy wave theory (Airy 1845), is defined
as the most straightforward theory used to obtain equations that provide the kinematic and
dynamic properties for a two-dimensional small-amplitude surface gravity wave. The linear
wave theory assumes that the ratio of the wave height to wavelength is less than 1/7, which
means small wave steepness. The main assumptions for the linear wave theory are as follow:
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1- Water is considered as a homogenous and incompressible fluid, and wavelength is
greater than 3 cm so that the capillary effect can be neglected.
2- Flow is irrotational; that is no shear stress anywhere at the air-water interface or the
bottom of the tank.
3- The bottom of the tank is not moving and is impermeable and horizontal, which
means there is no energy transfer through the bottom.
4- The pressure along the air-water interface is constant; that means there is no effect
of wind on the pressure difference between maximum at crest and minimum at the
trough.
5- The most important assumption is the wave amplitude is small compared to the wave
height and still water level.
3.2.5.3

Governing Equations

1- Navier – Stokes Equation
ρ

∂
∂
∂P
∂2
+μ
(uj ) + ρuk
(uj ) = −
(u ) + ρfj
∂t
∂xk
∂xj
∂xi ∂xi j

3.1

By ignoring the viscous force and expanding the above equation into two considered
directions (x, z), the following two equations are derived, respectively:
∂u
∂u
∂u
1 ∂P
+u +w
=−
∂t
∂x
∂z
ρ ∂x

3.2

∂w
∂w
∂w
1 ∂P
+u
+w
=−
+g
∂t
∂x
∂z
ρ ∂z

3.3

2- Continuity equation
∂u ∂w
+
= zero
∂x ∂z
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3.4

Introduce the velocity potential function 𝜙(𝑥, 𝑡), as (𝑢 =

𝜕𝜙
𝜕𝑥

, 𝑤=

𝜕𝜙
𝜕𝑧

) then substitute

two of these formulas back into equations (3.2,3.3, 𝑎𝑛𝑑 3.4). The Navier-Stokes equation
becomes
∂2 ϕ ∂ϕ ∂2 ϕ ∂ϕ ∂2 ϕ
−1 ∂P
+
+
=
2
∂t ∂x ∂x ∂x
∂z ∂z ∂x
ρ ∂x

x − direction

3.5

∂2 ϕ ∂ϕ ∂2 ϕ ∂ϕ ∂2 ϕ −1 ∂P
+
+
=
+g
∂t ∂z ∂x ∂x ∂z ∂z ∂z 2
ρ ∂z

z − direction

3.6

Integrate the above equation on (x, z) directions, respectively; the following equations are
obtained:
∂ϕ 1
+ ρ(u2 + w 2 ) = C
∂t 2

x − direction

3.7

∂ϕ 1
+ ρ(u2 + w 2 ) + ρgz = C
∂t 2

z − direction

3.8

P+ρ
P+ρ

As shown above, the two force equations are precisely the same, but the second equation
includes gravity effects. Therefore, a single equation for the whole field was developed and
is known as the Bernoulli equation for unsteady irrotational flow.
P+ρ

∂ϕ 1
+ ρ(u2 + w 2 ) + ρgz = C
∂t 2

3.9

The continuity equation is transformed to the Laplace equation as follows:
∂2 ϕ ∂2 ϕ
+
= zero
∂x 2 ∂z 2

3.10

Defined Boundary conditions as follows:

1. The kinematic boundary conditions at the bottom of the wave tank. Based on the
previous assumption, we assumed the bottom of the wave tank is not moving.
w=

∂ϕ
= zero at (z = −h)
∂z
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3.11

2. The boundary condition at the water-free surface
a- Kinematic boundary condition related to the vertical velocity at the water-free
surface
w=

∂η
∂η
+u
∂t
∂x

at

(z = η)

3.12

b- Dynamic boundary condition related to the pressure at the water-free surface
ρ

∂ϕ 1
+ ρ(u2 + w 2 ) + ρgz = zero
∂t 2

at ( z = η )

3.13

The boundary condition at free water surface must be linearized and reapplied at still water
level (z = zero) instead of (𝑧 = 𝜂). This developed
w=

∂η
∂t

at ( z = zero)

∂ϕ
+ gη = zero at (z = zero)
∂t

3.14
3.15

Velocity potential function (𝜙) for small-amplitude surface gravity wave was derived by
solving the Laplace equation(3.10) using Kinematic boundary condition at bottom, and the
linearized dynamic boundary condition at the free water surface.
ϕ=

ga cosh k(h + z)
2π
sin(kx − ϖt) , where k =
ϖ cosh(kh)
L

3.16

Wave surface profile (𝜂) was derived by inserting the velocity potential function into a
linearized dynamic boundary condition.
𝜂=

𝐻
cos(𝑘𝑥 − 𝜛𝑡)
2

3.17

The dispersion relation is known as the relationship between the wave frequency and
wavenumber at a given still water depth and was derived by adding the two linearized
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boundary conditions at the free water surface (dynamic and kinematic) together then
applying velocity potential and differentiating. This yield
𝜛 = √𝑔𝑘 tanh(𝑘ℎ)

3.2.5.4

3.18

Pressure under Waves

Pressure under still water level depends on two factors: hydrostatic pressure due to
the depth of still water and the dynamic pressure caused by waves. The pressure at any
water level can be obtained by applying the Bernoulli equation for unsteady irrotational flow
P = −ρ

∂ϕ 1
− ρ(u2 + w 2 ) − ρgz
∂t 2

3.19

Since we are dealing with a linearized condition, the second-order term (𝑢2 + 𝑤 2 ) must be
ignored then inserting velocity potential function. This yields the following relation:
P = −ρgz +

ρgH cosh k(h + z)
[
] cos(kx − ϖt)
2
cosh(kh)

3.20

The first term represents the hydrostatic pressure, and the second term represents the
dynamic pressure (wave pressure). See figure 3.6.
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Figure 3.6: Pressure Variation under the Wave Crest[77].

3.2.5.5

Methods of Measuring Wave Heights

3.2.5.5.1 Based on the Theory of Flap WaveMaker
There are many ways used to generate regular waves such as piston type, flap
(hinged) type, or plunger-type. In present work, Flap (Hinged) type was used to generate
regular waves in the wave tank in the Fluid Dynamics Lab at Western Michigan University.
Wave Paddle Stroke is defined as the maximum stroke distance that can be traveled by flap
wavemaker at the free water surface (S, cm). The stroke of the flap was adjusted from 5.431
cm at the still water level (17 cm) to 11.5 cm at the top of the wave tank (36 cm), see figure
3.7. The flap was attached to the bottom of the wave tank by a hinge that allows the flap wave
maker to move forward and backward with the rotation of the electrical motor, as was shown
in figure 3.4.
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Figure 3.7: Schematic Diagram of Paddle Flap Wavemaker.

Wave frequency, wavelength, and wave height were controlled by adjusting the
stroke of the flap wavemaker and the frequency of the electrical motor. A digital photosensor
tachometer was used to measure the electrical motor frequency with an accuracy of ±0.05%.
To use the theory of flap wavemaker, the frequency of the wave paddle should be the same
as the frequency of the wave generated. Thus, wave frequency was also measured by the
time required for the 100 wave crests to pass a fixed point at 2 m far away from the
wavemaker, using a stopwatch. A large number of wave crest was selected as the period of
waves was up to 0.958 sec. So, it’s obvious that human error in measurements would be
reduced if the time taken for passage of the 100 wave crests through a specific point were
measured as opposed to say, for example, the ten wave crests. Hence, the accuracy in
measurements of wave period increase with the number of waves under consideration. The
result was very close, and the error between the two readings was between (0.048%,
0.035%, and zero), and that means the results could be used to apply the transfer function
of the flap wavemaker, as follows [78]:
H
sinh(kh) kh sinh(kh) − cosh(kh) + 1
= 4(
)
S
kh
sinh(2kh) + 2kh

3.21

To use the above equation, it should have the value of wavelength first. So, in this method,
dispersion theory was used to get wavelength then substituted back into transfer function
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to get wave height. As you have seen in the dispersion theory, the wavelength cannot be
solved for a given set of wave period(T), or still water depth(h). Thus, to get the value of
wavelength, it should be found by iteration. In this study, four numerical methods were used
to get wavelength, and the percentage of error was calculated relative to the value of
wavelength and height obtained by analyzing PIV images that will be explained later in this
chapter. The four most common numerical methods found in the literature that were used
to evaluate wavelength: Newton Raphson Method, Hunt Method, Eckart Method, and
Approximation Method. As shown below in table 3.1, the smallest error was given by
applying the Newton Raphson method, followed by the Hunt Method.
Table 3.1: The Wave Characteristic Calculated Based on the Flap Wavemaker Theory.

A: - Wave period (T)= 0.48 sec, wavelength (L)=0.357989 m, Wave height(H)=0.069296 m
Type of method
Newton
Raphson
Hunt
Eckart
Approximation

Wavelength
was
calculated
using
dispersion relation, m
0.358

Percent
of Error
% (L)
0.0272

The wave height was calculated
using transfer function of flap
wavemaker, m
0.07310

Percent of Error
% (H)

0.357
0.359
0.355

0.1918
0.2207
0.9575

0.07316
0.0730
0.07343

5.576
5.345
5.966

B: -Wave period (T)= 0.5576 sec, wavelength (L)=0.474643 m, Wave height(H)=0.059355 m
Type of method
Wavelength
was Percent
The wave height was calculated
calculated
using of Error using transfer function of flap
dispersion relation, m
% (L)
wavemaker, m
Newton
0.475
0.0264
0.06183
Raphson
Hunt
0.474
0.1495
0.06191
Eckart
0.480
1.0274
0.06139
Approximation
0.468
1.3379
0.06244
C: - Wave Period (T)= 0.9585 sec, Wavelength (L)=1.083282 m, Wave Height(H)= 0.02672 m
Type of method
Wavelength
was Percent of The wave height was calculated
calculated
using Error % using transfer function of flap
dispersion relation, m
(L)
wavemaker, m
Newton
1.084
0.0342
0.02824
Raphson
Hunt
1.0836
0.0311
0.02824
Eckart
1.140
5.2580
0.0267
Approximation
1.093
0.8714
0.0279
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5.489

Percent of Error
% (H)
4.169
4.3046
3.4285
5.198

Percent of Error
% (H)
5.6886
5.6886
0.07485
4.2723

3.2.5.5.2 Based on Pressure Measurements
In this study, two Honeywell pressure sensors were used to measure wave height.
They were placed at one and four meters away from the flap wavemaker. These sensors
should not be placed directly at the water medium, thus, these sensors were fixed outside
the wave tank and connected with a clear plastic tube, and that tube was tied and fixed at the
bottom of the wave tank. These pressure sensors are supposed to give the outcome reading
for the pressure. That means the outcome readings must be calibrated to obtain the actual
readings of the pressure then turned to wave height by using Rayleigh distribution and zero
down crossing method. Firstly, the two Honeywell pressure sensors must be calibrated to
connect between the measured value and actual pressure reading. The calibration test was
done twice for two Honeywell pressure sensors. Calibration test was done by placing the
pressure sensor as mentioned above, then changing the depth of still water above the
pressure sensor and at the meantime, measured value (outcome from the pressure sensor)
was recorded and calculated with the corresponding value of the actual hydrostatic pressure,
as follows:
Phydrostatic = ρgh

3.22
𝐾𝑔

Where 𝜌 is defined as the density of water 1000 𝑚3 , 𝑔 is defined as the gravitational
𝑚

acceleration 9.81 𝑠𝑒𝑐 2 , and h(m) is defined as the depth of still water. The measured value
and actual pressure reading at different still water depth are listed in the table below (3.2).
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Hydrostatic Pressure and Corresponding Outcome of Pressure Sensor at Different Still
Water Depth.
Table 3.2:

Still Water Depth(m)
0.1725
0.123
0.1
0.07
0.05
0

Measured Value (𝑚𝑉 )
0.00358579
0.003499
0.003402
0.003326
0.003320
0.00320

Actual Hydrostatic Pressure (P, Pa)
1692.225
1206.63
981
686.7
490.5
0

The information in the table above allows us to draw a relation between measured and actual
reading to get a calibration correlation, shown in figure 3.8.
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1400
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800
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200
0
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0.0032

0.00325

0.0033

0.00335

0.0034

0.00345

0.0035

0.00355

0.0036

0.00365

Measured Value

Figure 3.8: Calibration Correlation Between a Measured Value and Actual Value.

As seen in figure (3.8), the correlation coefficient (𝑅 2 𝑖𝑠 0.9797) means there is a high
correlation between measured and actual value. Thus, the Calibration Correlation is as
follows:
P(mV ) = 4 ∗ 106 ∗ mV − 13445

3.23

Where 𝑃(𝑚𝑉 ) is defined as the actual pressure reading (𝑃𝑎) and 𝑚𝑉 is defined as the
outcome reading from the pressure sensor. After the value of the actual pressure under the
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waves was evaluated, the pressure value must be converted to wave height by applying the
equation of total pressure that was derived above at Z=-h, like the following:
Maximum Pressure reading was measured at the crest at 𝜂𝑚𝑎𝑥 :
Pmax = ρgh +

ρgηmax
cosh(kh)

3.24

Minimum Pressure reading was measured at the Trough at 𝜂𝑚𝑖𝑛 :
Pmin = ρgh +

ρgηmin
cosh(kh)

3.25

Wave height is the difference between the maximum and minimum wave surface elevation
(𝜂𝑚𝑎𝑥 − 𝜂𝑚𝑖𝑛 ), shown in figure 3.9.

Figure 3.9: Schematic Diagram of Wave Height from a Pressure Measurement.

Thus, Wave Height can be evaluated from the following equation
H = (ηmax − ηmin ) = (Pmax − Pmin )

cosh(kh)
ρg

As seen in the above equation, wave height is the function of wavenumber, 𝑘 =

3.26

2𝜋
𝐿

and its

function of wavelength. Wave height and wave period were obtained by using Rayleigh
distribution and zero up crossing analysis method. From the previous section, the Newton
Raphson numerical method is the best equation that can be used to solve the dispersion
relation with the smallest error. Thus, Wavelength was obtained by using a dispersion
relationship that was solved by using the Newton Raphson numerical method. Two MATLAB
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Codes were built to avoid manual calculation and get an accurate value of wave height, as
seen in the following figures (3.10,3.11 and 3.12) and were evaluated at three different wave
frequencies. The significant wave height (𝐻𝑠 ) obtained and is defined as the average height
of the highest one- third waves in a wave spectrum. The significant wave height is very often
considered as the design wave. The comparison between the results was evaluated based
on pressure measurement and Image Processing (Laser Sheet Technique), see Table 3.3.

Figure 3.10: Wave Record with a Period of T=0.477061 Sec. A: the Rayleigh Distribution of the
Pressure Sensor, B: Total Pressure Caused by Hydrostatic Pressure and Wave Pressure, C: Wave
Surface Profile (𝜼), D: Zero -Up Crossing Applying on Dynamic Pressure Caused by the Wave.
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Figure 3.11: Wave Record with a Period of T=0.559966 Sec. A: the Rayleigh Distribution of the
Pressure Sensor, B: Total Pressure Caused by Hydrostatic Pressure and Wave Pressure, C: Wave
Surface Profile (𝜼), D: Zero -Up Crossing Applying on Dynamic Pressure Caused by the Wave.

83

Figure 3.12: Wave Record with a Period of T=0.958183 Sec. A: the Rayleigh Distribution of the
Pressure Sensor, B: Total Pressure Caused by Hydrostatic Pressure and Wave Pressure, C: Wave
Surface Profile (𝜼), D: Zero -Up Crossing Applying on Dynamic Pressure Caused by the Wave.
Table 3.3:

The Wave Characteristic Calculated Based on Pressure Measurement.

A: - Wave Period (T)= 0.477061 sec, Wavelength (L)=0.357989 m, Wave Height(H)=0.069296 m
Type of method
Wavelength
was Percent
The wave height was calculated Percent of Error
calculated
using of Error using Pressure Measurement, % (H)
dispersion relation, m
% (L)
m
Newton
0.354
1.2128
0.0699
0.8716
Raphson
B: -Wave Period (T)= 0.559966 sec, Wavelength (L)=0.474643 m, Wave Height(H)=0.059355 m
Type of method
Wavelength
was Percent
The wave height was calculated Percent of Error
calculated
using of Error using Pressure Measurement, % (H)
dispersion relation, m
% (L)
m
Newton
0.478
0.7984
0.06183
4.169
Raphson
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C: - Wave Period (T)= 0.958183 sec, Wavelength (L)=1.083282 m, Wave Height(H)= 0.02672
Type of method
Wavelength
was Percent of The wave height was calculated Percent of Error
calculated
using Error % using Pressure Measurement, % (H)
dispersion relation, m
(L)
m
Newton
1.083
0.0041
0.0244
8.683
Raphson

3.2.5.5.3 Based on PIV Image (Image Processing)
There are many methods found in the literature that are used to evaluated water
surface elevation directly by using resistance or capacitance wave gauges or indirectly by
using a pressure sensor (method was used in this study). These methods are point
measurement methods, meaning if you are looking to measure wave parameters at a
different location along water surface or obtaining the spatial change in water surface
elevation, a huge number of sensors or gauges should be used. Also, by using these methods
relationship between time(frequency) and change in water surface elevation was produced,
then wave height and period could be found by Rayleigh distribution or zero up crossing.
The wavelength could be found by solving dispersion relation with one of the numerical
methods that were explained before. Thus, the significant error could be found by using
numerical methods to get wavelength.
Siddiqui (2001)[79] used a PIV technique with a CCD video camera that was mounted
above the water surface, and it is looking down at an angle of 34 from the horizontal axis to
estimate the water surface elevation. The constant threshold value that was calculated based
on the average grayscale value below the water surface was used to detect water surface
elevation.
Hwung et al. (2009)[80] obtained the water surface elevation by using a CCD camera
that was mounted above the water surface with three different angles from the horizontal
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axis. They detected water surface elevation using two detection algorithms, which were the
Hyperbolic Tangent Function (HTF) and Threshold Method (TM).
Mukto et al. (2007)[81] used a DPIV technique with a CCD camera that was mounted
above the water surface, and it is looking down at an angle of 11 from the horizontal axis to
estimate the water surface elevation. Water surface elevation was detected by the edge
detection algorithm based on the variable threshold method.
Bonmarin et al. (1989)[82] used a visualization technique to perform a wave profile.
This technique required a visible water surface under a given illumination, and this was done
by using a thin sheet of light to illuminate fluorescein that was put in the flume tank. A CCD
video camera was placed in the front of a flume tank to record the wave profile. Water surface
elevation was detected by converting the digital image (signal) to a binary image (digital)
that was done by applying an operator-adjustable threshold level.
Wang et al. (2012)[83] integrated the modified plane-based camera calibration
(MPCC) with an inexpensive internet web camera as the imaging device to measure water
surface elevation.
Yao and Wu (2005)[84] used the DPIV technique with a CCD camera to detect water
surface elevation. Wave profile was detected using a gradient vector flow active contour
model (GVF) snake.
Erikson and Hanson (2005)[85] used a CCD video camera to measure wave profile. In
order to form a visible video under a given illumination, the uniform light source was used
to illuminate fluorescent green dye that was put inside the flume tank. Then they transferred
the digital data from the camcorder to the computer using a high-speed interface. Surface
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water elevation was detected by employing the MATLAB’S edge command (Robert’s edge
detector) in the signal processing toolbox.
Zarruk (2005)[86] used a particle image velocimetry (PIV) with a CCD camera to
detect water surface elevation using the location of the maximum intensity gradient. The
Bonferroni coefficient was used to detect the location of the maximum intensity gradient.
Viriyakijja and Chinnarasri (2015)[87] used two CCD video cameras that were
mounted perpendicular to the flume tank. They used Canny edge detection to detect water
surface elevation. They used a zero-up crossing method to obtain wave height and wave
period, then they solved dispersion relation with Hunt’s equation to obtain wavelength.
All the above-mentioned literature compared their result with results was obtained
from conventional methods (capacitance wave gauges or pressure senor) for verification. In
this study, PIV technique was used to capture the image for the water gravity waves at
different frequencies, then these images were analyzed by using the edge detection
algorithm that was built using MATLAB to get wavelength experimentally and compared
with wavelength values obtained from the theoretical method (flap wavemaker theory) and
pressure measurement. While the wave period (frequency) is easy to get, as explained
before, by using a digital photosensor tachometer or can be considered as the time required
for the 100-wave crests to pass a fixed point at 2 m far away from the wavemaker, using a
stopwatch.

3.2.5.5.3.1

Image Processing Techniques

The wave images at three different frequencies were captured using PIV techniques,
as was explained in section (3.2.6.1). As was illustrated before, the main objective of this
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method is to obtain wave height and wavelength. Due to space limitation at the front of the
wave in the test section, it was not able to increase the field of view and capture a full
wavelength. Thus, MATLAB code was built to create a full wavelength from many successive
PIV images, then using the Canny edge detection algorithm technique with the constant
threshold value to detect the edge of the wave (water surface elevation). Also, by using
MATLAB, the minimum points (trough) and maximum point (crest) at the one full
wavelength were determined. Then, by using the definition of wavelength (distance between
two successive troughs) and wave height (the distance between crest and trough), the values
of wavelength and wave height were obtained. Finally, to make sure we're evaluated
accurate results, the final value of wavelength and wave height were calculated by taking
the average of ten values obtained from ten trials.

3.2.5.5.3.2

Canny Edge Detection Algorithm

Canny edge detection is an image processing method used to detect edges in an image
while suppressing noise. The main steps are as follows[88–90]:
1. Grayscale Conversion: convert the PIV images to grayscale
2. Gaussian Filter (Gaussian Blur), also known as Gaussian smoothing: perform
Gaussian blur on the grayscale images to reduce noise before processing the images.
3. Determine the Intensity Gradients: direction and magnitude of the gradient were
calculated using Soble filter
4. Non-Maximum Suppression: the final images should have thin edges, but the
magnitude of the images formed in thick edges. Thus, Non-Maximum Suppression
was applied to thin out the edges.
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5. Tracing Edge by Hysteresis: the image produced from non-maximum suppression
wasn’t perfect. Thus, in this stage, two threshold values (maximum and minimum)
were introduced. Therefore, the strong edges and weak edges were determined, then
the edge tracking algorithm was performed to modify the weak edges that are
connected to the strong edges to be actual edges.
Then, cleaning up the images was done by canny edge detection, and the maximum and
minimum points were found using MATLAB code, as is shown in figure (3.13).

Figure 3.13: The Procedure of Water Surface Detection: A- Original full wavelength Created, BGrayscale Image C- Result from Canny Edge Detection with Constant Threshold Value D- Determine
the Maximum Point (Crest) and The Minimum Points (Trough).

The following table (3.4) shows the value of the wavelength and wave height were obtained.
Table 3.4: The Wave Characteristic Calculated Based on the PIV Images Analysis.
Parameters, m
Wavelength
Wave height

Period, T=0.48 sec
0.357989
0.069296

Period, T= 0.5576 sec
0.474643
0.059355
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Period, T= 0.9585 sec
1.083282
0.02672

3.2.6 Air Velocity Measurements
Airflow velocity over the free water surface is an essential parameter that
significantly affects the water evaporation rate from the still and wavy water surface. Wind
velocity varies significantly with the height above the free water surface. Thus, ignoring this
parameter may be considered as one of the reasons that explain the discrepancies between
various correlations of water evaporation rate found in the literature [6,8]. Thus, air velocity
flow must be measured at different locations above the free water surface then take the
average of the velocity field measurements.
The most common methods used to measure airflow velocity: Laser Doppler
Anemometry (LDA), which is a point measurement technique; Hot Wire Anemometer is an
intrusive technique and point measurement; and Particle Image Velocimetry (PIV) in
addition to the conventional air velocity measurements such as Pitot Tube.
In this experiment, Hot Wire Anemometer couldn’t be used to measure airflow
velocity above the heated water surface because water vapor droplets may be attached to
the sensor and possibly damage the film; also, the LDA couldn’t be used because it’s a point
measurement technique whereas this experiment needed to measure instantaneous velocity
field within an interrogation region; thus, the PIV technique was used. In this investigation,
airflow velocity was measured by using Particle Image Velocimetry Technique (PIV).
Two fields of views were used during this experiment and are hereafter denoted A1&
A2, as shown in figure (3.1), which are A1 at water surface level to investigate the effect of
airflow velocity above evaporated water surface at high water surface temperature, and A2
at 60 cm from the bottom of the flume tank within a specific interrogation region
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approximately (141 x 106) mm. This is at the same level where all the measurements (inlet
and outlet air temperature, and inlet and outlet relative humidity) were taken. The fresh dry
air was drawn inside the test section (A2) by using a wind tunnel manufactured by New York
Blower Inc., and the air was drawn at seven different RPM of the centrifugal fan of the wind
tunnel that was yielding seven different airflow velocities.
Airflow velocity in this section was measured at three stages. Firstly, airflow velocity
was measured at section A2 using the conventional method Pitot Tube to verify the results
obtained from PIV image analysis. Secondly, airflow velocity was measured at the test
section (A2) without water inside the flume tank to see how much the flow is organized, as
is shown in figures (3.14-3.20). Thirdly, airflow velocity was measured with still water inside
the flume tank, where the level of still water was 28 cm from the bottom of the flume tank.
The average of the velocity magnitudes was obtained by using algorithm analysis using DaVis
8.4, as explained later in section (3.2.6.1, & 3.2.6.2). Averaged airflow velocity magnitude was
obtained as follow: (0.40, 0.495, 0.8125, 1.1, 1.65, 2.029, and 2.5) m/sec, as is shown in
figures (3.14-3.20).

Figure 3.14: Average Air Velocity Profile; A: without Water Inside the Flume Tank, B: with Water
Inside Flume Tank at 𝑻𝒔 = 𝟐𝟕℃. V= 0.4 m/sec.
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Figure 3.15: Average Air Velocity Profile; A: without Water Inside the Flume Tank, B: with Water
Inside Flume Tank at 𝑻𝒔 = 𝟐𝟕℃. V= 0.495 m/sec.

Figure 3.16: Average Air Velocity Profile; A: without Water Inside the Flume Tank, B: with Water
Inside Flume Tank at 𝑻𝒔 = 𝟐𝟕℃. V= 0.8125 m/sec.

Figure 3.17: Average Air Velocity Profile; A: without Water Inside the Flume Tank, B: with Water
Inside Flume Tank at 𝑻𝒔 = 𝟐𝟕℃. V= 1.1 m/sec.
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Figure 3.18: Average Air Velocity Profile; A: without water Inside the Flume Tank, B: with Water
Inside Flume Tank at 𝑻𝒔 = 𝟐𝟕℃. V= 1.65 m/sec.

Figure 3.19: Average Air Velocity Profile; A: without water Inside the Flume Tank, B: with Water
Inside Flume Tank at 𝑻𝒔 = 𝟐𝟕℃. V= 2.029 m/sec.

Figure 3.20: Average Air Velocity Profile; A: without water Inside the Flume Tank, B: with Water
Inside Flume Tank at 𝑻𝒔 = 𝟐𝟕℃. V= 2.5 m/sec.
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3.2.6.1

PIV technique setup

PIV setup is shown in Figure (3.21). A big sky double pulsed Nd: YAG (NeodymiumDoped Yttrium Aluminum Garnet) laser of wavelength 532 nm and 200 mJ/Pulse with the
maximum repetition rate of 15 Hz per laser head was used to provide illumination of the
seeding particles. The laser sheet adjustment is the most important step in PIV setup to
obtain highly accurate results and safety issues, and this was done by using an orange lightsensitive paper. That paper was placed in the front of the laser beam source in the middle of
the flume tank (test section, the location where the laser sheet should be generated). The
laser beam source was performed with a lower laser energy limit and was visible at the dark
ambient light condition to ensure safety. The two laser beams sources should leave marks
on the orange paper. One mark was found on the orange paper which means that two laser
beams are hitting at the same point (Manual Davis 8.4)[91]. The laser beam source was
directed from above the flume tank towards the middle of the water surface using a 45
dielectric mirror, then a cylindrical lens was used to convert the laser beam into the laser
sheet with a thickness is about 2 mm.
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Figure 3.21: Picture of PIV Setup Used for this Experiment.

The laser sheet was generated to be perpendicular to the water surface and parallel
to the sidewall of the flume tank. The laser sheet was slightly inclined at a 6 downwind from
the middle of the flume tank.
LaVision charged coupled device (CCD)Imager Pro X 2m camera was used. Camera
resolution is 1600 x 1200 pixels with a bit depth of 14 bit, and the pixel size is 7.4m. The
camera has a double exposure feature with an interframe time down to 100 ns, and the frame
rate is 30 fps at full resolution. The camera is fitted with an adapter to connect it with a
NIKON AF NIKKOR zoom lens (50 mm 1:1.8 D), which means the focal length is 50 mm, and
the f- stop number is 1.8. Camera alignment is a critical issue that can affect the accuracy of
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the measurement. Thus, the CCD camera should be set with the optical axis perpendicular to
the laser sheet, and the misalignment between a CCD camera and the laser sheet produce
bias in the measurements[92–95]. The camera was mounted in the front of the flume tank
with a 6 inclined angle from the perpendicular axis, as shown in figure (3.22).

Figure 3.22: Experimental Setup of PIV.

The calibration plate, as shown in figure (3.23), and the calibration algorithm in Davis (8.4)
were used to calibrate the CCD camera to make sure the camera was arranged perpendicular
to the laser sheet.
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Figure 3.23: Calibration Plate Used for PIV Measurements in this Experiment.

The main concept of the PIV technique measures the instantaneous velocity of the
flow field by assuming the velocity of the seeding particles is the same as the velocity of the
flow field [92]. Thus, selecting an appropriate seeding particle (size diameter, density, shape,
and concentration) is very important, and it will be affected by the velocity measurements.
So, the accuracy of the flow field velocity measurement strongly depends on the ability of the
scattering particles suspended in the flow to trace the instantaneous motion of the flow.
The optimal diameter of the seeding particles must be selected based on two aspects.
Firstly, increasing the particle size to enhance scattering of the laser light to be visible by
CCD camera then high signal to noise ratio (SNR) can be obtained. Secondly, decreasing the
particle size to achieve high flow tracking. Thus, it must be compromised between two of
these aspects [96].
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Seeding particles with small diameter must be used with the high-speed flow to
reduce the velocity lag, but that leads to decreases in the light scattering from the seeding
particles, and the seeding particles will not be able to produce visible images under a given
illumination. In this situation, a high power laser must be used [93, 94]. Concentration and
uniform seeding particle distribution should be considered to avoid velocity lag [92, 93, 95,
97]. The low seeding concentration leads to see gaps in seeding and missing some data from
the instantaneous field.
In order to get a high-quality evaluation of velocity measurements, 15 particles per
interrogation volume are required [93, 97], and this can be achieved by adding more seeding
particles to the flow, especially with high-speed flow conditions, but it should not exceed the
limit of saturation of CCD chip due to the saturation level limits the maximum laser power
that will be used. Also, to reduce the velocity lag, the seeding source device must be placed
far away from the test section to allow proper mixing between seeding particles and the flow
and to avoid the interruption of the flow behavior. In the field of view (A1), the working fluid
was drinking water. Therefore, HGS-10 Hollow glass sphere with diameter 10m and the
density of 1.10 ± 0.05 𝑔⁄𝑐𝑚3 from Dantec was used as the seeding particles, and it’s known
as the best particles for water flow[92, 96].
In the field of view (A2), there was a need to measure the value of air velocity at the
test section (60 cm from the bottom of the flume tank or 32 cm from still water surface (28
cm) or 43 cm from wavy water surface(17 cm)), so the working fluid was dry air. Olive oil
with diameter is about 1m and the density of 970 𝐾𝑔⁄𝑚3 was used as seeding particles
[93, 94, 96, 98]. An oil droplet generator [94] was connected with a compressed air hose that
injected the olive oil into air hose to generate seeding particles with a nominal diameter
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between (0.5m-1m), as shown in figure (3. 24) and the concentration of the olive oil
seeding was controlled, and the particle per pixel (seeding density) was estimated by Davis
8.4 in units PPP.

Figure 3.24: Schematic Diagram of the Oil Droplet Seeding Generator.

The inject of seeding particle was at 1.5 m away from the test section in order to avoid
interruption of airflow.
A synchronizer is a control unit that is used to provide external triggers for the CCD
camera and the two pulsed laser sources. The synchronizer can be used to control the delay
time between the two pulsed laser beams, which is known as synchronizer separation time
∆𝑡, and the firing of two pulsed laser beams with relative to CCD camera exposure was
controlled by Davis 8.4 from LaVision. The separation time ∆𝑡 is a critical parameter used to
evaluate velocity components of the flow. Determining the optimal pulse separation time ∆𝑡
of the two-laser beam depends on the flow behavior and can be set manually by the user or
automatically by Davis 8.4 based on the wanted particle shift.
The experiment was done at the Fluid Dynamic Laboratory at WMU, and the
laboratory was completely dark when the PIV images were taken to reduce the variability of
the illumination. This was done by covering the backside of the Acrylic Plexiglass flume tank
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by black paper, covering all windows of the lab by black plastic sheets, and turning off the
light inside the lab.

3.2.6.2

PIV Images Processing Technique

The PIV images analysis consists of three steps: Pre-Processing, Image Correlation
(Vector Calculation), and Post Processing. This section describes the Particle Image
Velocimetry (PIV) algorithms that were applied using DaVis 8.4[91].

3.2.6.2.1 Pre-Processing
Processing of the PIV images can be improved by applying an appropriate PreProcessing algorithm to enhance the visibility of seeding particles that leads to an increase
in the signal to noise ratio (SNR) then the measurements with high precision can be obtained.
Everything that is considered as stationary in the images such as image background and laser
reflections from the experiment’s equipment is considered as the source of disturbance [99,
100] and must be removed by applying the most efficient image pre-processing algorithm
[92]that consists of two parts: subtracting a sliding background and particle intensity
normalization. Subtracting a sliding background can be applied to remove intensity
fluctuation in the image background due to laser reflection, and particle intensity
normalization can be applied to a local particle intensity correction, thus reducing the highintensity fluctuation due to inhomogeneous particle diameter. A preprocessing algorithm
was applied to the PIV images before applying an image correlation function (vector
calculation) and can improve the quality of PIV images and make it easy to correlation [99].
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3.2.6.2.2 Image Correlation (Vector Calculation)
The PIV recording system was done based on a double frame/double exposure
recording method. Thus, the original image consists of two frames denoted as frame zero
and frame one. The evaluation of the PIV images was done using Cross-Correlation. The
algorithm calculates the Cross-Correlation of all interrogation window sizes between two
frames. The highest peak in the cross-correlation is mostly considered as the displacement
vector (LaVision Manual Software 8.4).
The PIV images evaluation was done in multipass with a decreasingly smaller window
size. Where the initial interrogation window size was (24 x 24) with overlapping 50%, and
the final interrogation window size was (12 x 12) with overlapping 50%, and this is required
to improve the spatial resolution of the vector field. So, smaller interrogation window size
leads to the higher spatial resolution of the evaluating vector field. On the other side, a certain
interrogation window size is required to guarantee a minimum number of particles inside
the interrogation window size for the validity of the cross-correlation. The number of
seeding particles inside the interrogation window size must be more than 15 particles [93,
97].

3.2.6.2.3 Post-Processing
The postprocessing is a final step in the PIV images processing algorithm. A smooth
(Gaussian) 3 x 3 filter was used to decrease noise and produce a highly accurate velocity
vector field.
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3.2.7 Evaporation Rate Measurements
The evaporation rate was measured by two methods as follow:
1. The evaporation rate was computed from observed changes in an air relative
humidity between the inlet dry air before getting in the test section and the outlet
saturated air after passing over the heated water surface by using equation 2.43.
2. Using a small pan (24 cm in length and 16 cm in width) connected to the main flume
tank via a siphon tube. Siphon tube is a flexible plastic tube (4 mm in diameter and
100 cm in length) that transfers water from the high level to lower level in order to
keep two water tanks at the same level by assuming the water inside two tanks have
the same density and under the same pressure. The siphon tube was filled with water
before putting it in that correct place to ensure there are no bubbles of air to act as a
barrier and stop transferring water. Therefore, when the water from the flume tank
evaporated, the water moved through the siphon tube from the small water pan to
the flume tank, resulting in a decrease in the mass of water that was measured by the
digital scale. The evaporation rate was calculated based on weighing this small pan
using a digital scale and recording every single second. The water loss in the
evaporation tank is proportional to the mass change in the small weighing pan, as the
following equation[21, 60]:
E(Kg⁄m2 sec) =

(dm⁄dt)small pan
Asmall pan

=

(dm⁄dt)flume tank
Aflume tank

3.27

A total of 21 experiments were done in this study. Seven trials were done at the still
water surface at seven different air velocities under the range of (0.4-2.5) m/sec, and 12
experiments were done at the wavy water surface at different wave periods (0.48,0.5576,
0.958469) sec, under different air velocity (0.4, 0.8125. 1.65, and 2.5) m/sec. The mass
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changed data from the small pan were fit with an appropriate curve to smooth data and
decrease the noise, and the analytical value of (𝑑𝑚⁄𝑑𝑡)𝑠𝑚𝑎𝑙𝑙 𝑝𝑎𝑛 were obtained from
analytical derivatives. The samples of still free water surface are shown in figure 3.25

Figure 3.25: Time Series of the Mass Loss in the Digital Balance Apparatus Due to Evaporation with
the Corresponding Evaporation Rate at Air Velocity Is Equal to 0.4 m/sec.

3.3 Errors Evaluation
Errors found in the calculations of the evaporation rate based on Dalton’s law and
similarity theory depend on the errors in the measurements of the various parameters that
regulate the evaporation phenomena, and in particular: water temperature, air temperature,
relative humidity, saturation vapor pressure, mass of evaporated water and time, height and
period of wave. The description of the measuring devices and their accuracy and the ranges
of measurements is presented in Table 3.5.
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The calibration of thermocouples, relative humidity sensors, and digital weighing
balance will be completed before the measurements. Also, all these sensors connect to Data
Acquisition that will record all data measured by these sensors.

Table 3.5: The Description of the Measuring Devices with their Accuracies and the Ranges of
Measurements
The measuring devices
K-type Thermocouples
Relative Humidity & k-type thermocouple
Digital balance
Immersion heaters
Honeywell Pressure Sensor
Wallace & Tiernan barometer

Range
0-920℃
15%-90%
0-30Kg
4000 W
0-30 Psi
0-50 Psi
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Accuracy
0.4℃
∓3% 𝑅𝐻, ∓1℃
∓0.1g
∓0.25%
0.066%

3.4 Conclusion
This chapter explained the experimental methodology followed to conduct the
evaporation experiment. The evaporation rate experiment was performed in a large flume
tank combined with a wind tunnel. There are many factors that must be measured during
this experiment. Water surface temperature was measured by taking the average of six Ktype thermocouples. The inlet and outlet of air relative humidity and air temperature were
measured using two USB-RH sensors from Omega.
The evaporation rate was measured by using a small evaporation pan connected to
the main flume tank via a siphon tube or by changes in the measured value of relative
humidity.
The wave characteristics like wave periods, wavelengths, and wave heights were
measured using three methods: based on the theory of flap-wavemaker, pressure
measurements that were evaluated from the Honeywell pressure sensors, and based on PIV
images that were analyzed using Canyy edge detections.
From this chapter, it can be concluded that the best method was using PIV image
analysis. The PIV technique was used in this experiment to obtain the instantaneous airflow
profile at the test section with and without water inside the flume tank to observe the
structure of airflow, and the conventional airflow velocity tool (pitot tube) was used to verify
the results from the PIV technique.
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4. RESULTS and DISCUSSION
In this chapter, the obtained experimental results are presented and discussed.
Accordingly, the experimental results were obtained at different airflow velocity (0.4, 0.495,
0.8125, 1.1, 1.65, 2.029, 2.5) m/sec, a wide range of surface water temperature
(27℃ 𝑡𝑜 77℃), and a wide range of vapor pressure difference (1.745 − 31.297)𝐾𝑝𝑎. The
evaporation rate correlations for still free water surface at different convection regimes
(natural, forced, and mixed) under turbulent airflow based on modified Dalton’s law, as well
as based on similarity method, are depicted.
The experimental correlations were obtained based on the properties of water vapor
air mixture instead of dry air. The comparison between the evaporation rate correlations
was obtained from this study with previously available correlations in the literature that
were done at the same conditions. Also, the evaporation rate from the wavy water surface
at different wave periods was presented in this chapter. Finally, an airflow structure above
still and wavy water surface at high temperature was described here

4.1 Still Water Surface
4.1.1 Using Modified Dalton’s Law
The experimental results were classified into three convection regimes, natural,
𝐺

forced and mixed, based on a wide range of the following ratio of (0.3027 ≤ 𝐺 = 𝑅 𝑟2 ≤
𝑒

64.0635). In general, when that ratio is more than one, the effect of natural convection can’t
be neglected, while that ratio is less than one, the effect of forced convection can’t be ignored,
but when the heat transfer Grashof number (𝐺𝑟 ) is the same order of magnitude of the
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square of the Reynolds number (𝑅𝑒 2 ), the effects of free convection and forced convection
can’t be neglected.
In this experiment, heat transfer by natural convection was studied over a wide range
𝐺

of (8.8292 ≤ 𝐺 = 𝑅 𝑟2 ≤ 64.0635), heat transfer by forced convection was studied over a
𝑒

𝐺

wide range of (0.3027 ≤ 𝐺 = 𝑅 𝑟2 ≤ 1.742), and heat transfer by mixed convection was also
𝑒

studied over a wide range of (0.511 ≤ 𝐺 =

𝐺𝑟
𝑅𝑒 2

≤ 16.3634). The experiments were done

under turbulent airflow condition with a wide range of Reynold number (5.5 ∗ 104 ≤ R e ≤
3.7614 ∗ 105 ) , Rayleigh number (2.45 ∗ 1010 ≤ R a ≤ 1.105 ∗ 1011 ), and Prandtl number
(0.5310 ≤ Pr ≤ 0.6849).
Many historical correlations are available in the literature that was used to predict
the evaporation rate based on Dalton’s law and were compared with the experimental
results obtained from this study. Some of these historical correlations were done by using a
small evaporation pan in a low-velocity wind tunnel (Himus & Hinchley [17], Smith [20],
Rohwer [18], Pauken [21], Jodat [14], Raimundo [9], and Mehmet[24]), and other
correlations were done using a small pan (Sartori [57], and Tang &Etzion [8]), while Carrier
[16] didn’t mention the experimental procedures used to obtain their experimental results.

4.1.1.1

Natural Convection Regime

The natural convection under a turbulent airflow regime was done at two ranges of
air velocity (V= 0.4 &0.495 m/sec) with the temperature range of (27℃ ≤ 𝑇𝑣,𝑠 ≤ 70℃). The
experimental results were analyzed statically using Minitab 19 and mathematically using
MATLAB. Using Minitab 19 Software, a stepwise linear regression statistical analysis was

107

conducted to determine the main effects of five parameters (Air Flow Velocity, Partial Vapor
Pressure Difference, Vapor Density Difference, Temperature Difference, and Relative
Humidity) along with their interaction on the response factor which is the evaporation rate.
The result showed that the partial vapor pressure difference and vapor density difference
parameters with their interaction have a significant effect on the evaporation rate with Pvalue is less than 0.05 and nearly zero, as shown in figure (4.1).

Figure 4.1: Factorial Plot Shows the Main Effects of the Vapor Pressure Difference and Vapor
Density Difference and their Interactions on the Evaporation Rate.

Conventional Dalton’s law doesn’t consider the impact of vapor density difference.
Thus, the empirical correlations that were obtained based on conventional Dalton’s law can’t
be used to predict the evaporation rate for natural convection, as is shown in figure (4.2 &
4.3).
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Figure 4.2: Comparison of the Measured Evaporation Rate from Still Water Surface with Historical
Evaporation Rate Correlations Based on Modified Dalton’s Model, at V=0.4 m/sec.

Figure 4.3: Comparison of the Measured Evaporation Rate from Still Water Surface with Historical
Evaporation Rate Correlations Based on Modified Dalton’s Model, at V=0.495 m/sec.
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From the above figures, a suitable match can be noticed between the experimental
results and proposed models of Sartori and Tang & Etzion. Sartori [57] considers the surface
roughness due to a small disturbance above the water surface, which means the mass
transfer must be decreased along the direction of airflow. Also, his correlation includes the
ratio of vapor pressure difference to the total pressure of the experiment.
Tang & Etzion[8] evaluated their model based on modified Dalton’s law to the power
less than unity (0.82), and the small variation comes because they didn’t consider the effects
of vapor density difference. Jodat[14] considers the effect of vapor density difference in his
correlation with vapor pressure difference to the power more than unity, and it was noticed
that this correlation is valid when the vapor pressure differences are up to 11 Kpa.
A nonlinear regression analysis was conducted to evaluate the empirical correlation
to predict the evaporation rate from the still water surface under natural- turbulent
convection regime conditions as a function of vapor pressure difference to the power less
than unity [8, 24, 25]and vapor density difference to the power more than unity. The
empirical correlation that can be used to predict the evaporation rate for natural convection
under turbulent airflow at airflow velocity (0.40 ≤ 𝑉 ≤ 0.495)𝑚/𝑠𝑒𝑐 is as the following:
0.969666

E = 4.26945 ∗ 10−7 (Pv,s − ∅Pv,∞ )
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1.80978

(ρg,s − ρg,∞ )

4.1

Figure 4.4: Comparison of the Predicted Evaporation Rate by the Proposed Model from Still Water
Surface with Measured Evaporation Rate at an Airflow Velocity (𝟎. 𝟒𝟎 ≤ 𝑽 ≥ 𝟎. 𝟒𝟗𝟓)𝒎/𝒔𝒆𝒄.

The Comparison of the predicted evaporation rate by the proposed model from a still
water surface with measured evaporation rate at an airflow velocity (0.40 ≤ 𝑉 ≥ 0.495)𝑚/
𝑠𝑒𝑐. As is shown in figure (4.4). In order to determine the accuracy of the proposed model,
the S (standard error of regression model or is also defined as the standard error of the
estimated model)and the smaller value are better because it indicates that the real value is
very close to the predicted value. Thus, based on the S value (0.0000649 after 300 iterations),
the proposed model is very close to the experimental results, and it can be observed in figure
(4.4). Also, the effect of density difference on the evaporation rate under natural convection
was confirmed by [14, 53, 101, 102].
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4.1.1.2

Forced Convection Regime

The forced convection under a turbulent airflow regime was done at an air velocity
(V= 2.5 m/sec) with the temperature range of (27℃ ≤ 𝑇𝑣,𝑠 ≤ 77℃). Based on the kinds of
literature, the partial vapor pressure difference and airflow velocity parameters with their
interaction have a significant effect on the evaporation rate. It can be observed from the
figure (4.5) that the evaporation rate increases nonlinearly with the vapor pressure
difference especially, with the higher range of the vapor pressure difference ((𝑃𝑣,𝑠 − 𝑃𝑣,∞ ) ≥
11 𝐾𝑝𝑎) . Conventional Dalton’s law assumed that the relationship between the vapor
pressure difference and evaporation rate is linear i.e. (𝑃𝑣,𝑠 − 𝑃𝑣,∞ )

𝑛=1

.

That’s why a

considerable variation can be observed between the experimental results and the proposed
models based on conventional Dalton’s law, as is shown in figure (4.5). Thus, the empirical
correlations that were obtained based on conventional Dalton’s law aren’t able to predict the
evaporation rate for forced convection.
Some researchers showed that the evaporation rate is not linearly proportional to the
vapor pressure difference and may be related to the power less than unity, and this is
confirmed by Marek & Straub [25], Tang & Etzion[8], and Mehmet [24]. While other
researchers concluded to write the exponent (n) as a higher degree polynomial function of
airflow velocity to produce a good proposed model, and this is carried out by Pauken[21] for
mixed turbulent conditions and by Jodat [14] for mixed and forced turbulent conditions.
Their correlations were obtained at the lower range of water surface temperature is up to
55℃ and the vapor pressure difference is up to 11 Kpa; that’s why significant variations can
be seen in figure (4.5).
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Figure 4.5: Comparison of the Measured Evaporation Rate from Still Water Surface with Historical
Evaporation Rate Correlations Based on Modified Dalton’s Model, at V=2.5 m/sec.

A nonlinear regression analysis was conducted to evaluate the empirical correlation
to predict the evaporation rate from the still water surface under forced- turbulent
convection regime conditions as a function of vapor pressure difference to the power as a
function of the first-order polynomial of airflow velocity (𝑛 > 1)with S= 0.00001610. The
empirical correlation that can be used to predict the evaporation rate for forced convection
under turbulent airflow at airflow velocity 𝑉 = 2.5 𝑚/𝑠𝑒𝑐 is as the following:
E = 0.798 ∗ 10

−6 (A)

Pv,s − ∅Pv,∞ n
(
)
1000

4.2

A = 1.61732 − 0.339474 V
n = 1.95283 + 0.212861 V

An equation (4.2) is valid over the whole range of temperatures. To validate the experimental
result with the proposed model in literature, another empirical correlation (𝑛 < 1) was
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obtained, but this equation is valid in the vapor pressure difference up to 11 Kpa is as the
following:
E = 0.0344942(A) (

Pv,s − ∅Pv,∞ n
)
1000

4.3

A = −0.0356105 + 0.015374 V
n = 1.2086 + 0.10344 V

The comparison of the predicted evaporation rate by the proposed model from a still water
surface with measured evaporation rate at airflow velocity 𝑉 = 2.5 𝑚/𝑠𝑒𝑐 is shown in figure
(4.6).

Figure 4.6: Comparison of the Predicted Evaporation Rate by the Proposed Model from Still Water
Surface with Measured Evaporation Rate at Airflow Velocity 𝑽 = 𝟐. 𝟓 𝒎/𝒔𝒆𝒄.

4.1.1.3

Mixed Convection Regime

The mixed convection under a turbulent airflow regime was done at four ranges of
air velocity (V= 0.8125, 1.1, 1.65, and 2.029 m/sec) with the temperature range of
(27℃ ≤ 𝑇𝑣,𝑠 ≤ 77℃). The experimental results were analyzed statically using Minitab 19
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and mathematically using MATLAB. Using Minitab 19 Software, a stepwise linear regression
statistical analysis was conducted to determine the main effects of five parameters (Air Flow
Velocity, Partial Vapor Pressure Difference, Vapor Density Difference, Temperature
Difference, and Relative Humidity) along with their interaction on the response factor which
is the evaporation rate. The result showed that the partial vapor pressure difference and
airflow velocity parameters with their interaction have a significant effect on the
evaporation rate with P-value is less than 0.05, nearly zero, as is shown in figure (4.7).

Figure 4.7: Factorial Plot Shows the Main Effects of the Vapor Pressure Difference and Vapor
Density Difference and their Interactions on the Evaporation Rate.

As mentioned before, the relation between the evaporation rate and the vapor
pressure difference is not linear. Thus considerable variations can be noticed between the
experimental results and the historical correlations that were evaluated based on
conventional Dalton’s law. It can be observed from the figure(4.8), there is a good agreement
between the experimental results and the Rohwer model[18], Sartori [57], and Tang & Etzion
[8] especially at V=1.1 and 1.65 (pure combined convection). The small variation comes from
that the Rohwer model[18] and Sartori [57] don’t consider the nonlinear relationship
between vapor pressure difference and evaporation rate. While Tang & Etzion [8]observed
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that the variation comes from the exponent (𝑛 < 1 = 0.86) where this exponent at the
mixed convection regime must be one than one [14, 21]. Also, it can be observed that there
is a good agreement with Jodat [14] and Pauken[21] with the small variation that comes
mainly from the range of temperature they used.
A nonlinear regression analysis was conducted to evaluate the empirical correlation
to predict the evaporation rate from the still water surface under mixed-turbulent
convection regime conditions as a function of vapor pressure difference to the power as a
function of the higher-order polynomial of airflow velocity (𝑛 > 1)with S= 0.00001017. The
empirical correlation that can be used to predict the evaporation rate for forced convection
under turbulent airflow at airflow velocity (0.8125 ≤ 𝑉 ≤ 2.029)𝑚/𝑠𝑒𝑐 is as the following:
E = 1 ∗ 10

−6 (A)

Pv,s − ∅Pv,∞ n
(
)
1000

4.4

A = −48.7597 + 84.3239V − 29.6991V 2
n = 10.0645 − 12.8009V + 4.62307V 2

The comparison of the predicted evaporation rate by the proposed model from a still water
surface with measured evaporation rate at airflow velocity (0.8125 ≤ 𝑉 ≤ 2.029)𝑚/𝑠𝑒𝑐 is
shown in figure (4.9).
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Figure 4.8: Comparison of the Measured Evaporation Rate from Still Water Surface with Historical
Evaporation Rate Correlations Based on Modified Dalton’s Model, at V=0.8125,1.1, 1.65, and 2.029
m/sec.

Figure 4.9: Comparison of the Predicted Evaporation Rate by the Proposed Model from Still Water
Surface with Measured Evaporation Rate at Airflow Velocity V=0.8125,1.1, 1.65, and 2.029 m/sec.
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4.1.1.4

Comparison with Historical Evaporation Rate Correlations

Noteworthy that there are significant variations between the proposed model and
experimental results with the historical correlations. These variations may be related to
many factors. Firstly, the thermophysical properties of the mixture of water vapor and dry
air must be used instead of the properties of pure dry air. Thus, the physical constants such
as dynamic viscosity, density of the vapor, thermal conductivity, and specific heat, if obtained
based on the dry air properties, the huge error will be yield due to it containing about 1
percent or less of the water vapor, and this was confirmed by Sharpley & Boelter[102]. All
the above correlations were obtained based on the properties of dry air.
Secondly, the main factor is the range of water surface temperature. Some of the
researchers worked at a lower range of temperature difference between the water surface
and air passed over the water surface and was up to 55℃, thus producing a minimum range
of vapor pressure difference. Based on that literature, the maximum vapor pressure
difference was up to 11 Kpa whereas in the current study, the vapor pressure difference was
up to 32 Kpa. Also, they didn’t classify their correlations based on the convection regime.
Thus, there is no information available about where their correlations are valid based on the
convection regime. They only mention the range of temperature and velocity, and this is not
enough to determine which convection regimes are valid.
Thirdly, regarding the airflow velocity, most of the above experiments were done
under turbulent conditions, but the variation comes from methods used to draw air inside
the wind tunnel for the experiments that were done based on the wind tunnel
measurements. Also, the airflow velocity changes with vertical height above the water
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surface, and ignoring this parameter may produce a high variation between the historical
formulas [6, 8].
Finally, it may be related to the size of the evaporation pan used [21,103]. The higher
evaporation rate was obtained from the smaller size of the evaporation pan used, such as the
experiment conducted by Himus & Hinchely [17] using a relatively small evaporation pan
size with a small surface area between (0.02-0.07) 𝑚2 . Their equation always gives an
evaporation rate value more than that expected [8, 9]. While in this experiment, a large
evaporation pan was used to conduct this experiment. The most important thing that can be
concluded from this section is that the evaporation rate from the still water surface increases
with air velocity increase that can be observed from figures (4.10 &4.11).

Figure 4.10: Comparison of the Predicted Evaporation Rate by Historical Proposed Models from
Still Water Surface with Measured Evaporation Rate at an Airflow Velocity( 𝟎. 𝟒 ≤ 𝑽 ≤ 𝟐. 𝟓 )𝒎/
𝒔𝒆𝒄.
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Figure 4.11: Comparison of the Predicted Evaporation Rate by Historical Proposed Models from
Still Water Surface with Measured Evaporation Rate at an Airflow Velocity( 𝟎. 𝟒 ≤ 𝑽 ≤ 𝟐. 𝟓 )𝒎/
𝒔𝒆𝒄.

4.1.2 Using Similarity Method
The experimental results were classified into three convection regimes, natural,
forced and mixed, based on a wide range of the following ratio of (0.0971 ≤ 𝐺 =

𝐺𝑟𝑚
𝑅𝑒 2

≤

35.9419). In general, when that ratio is more than one, the effect of natural convection can’t
be neglected, while when that ratio is less than one, the effect of forced convection can’t be
ignored, but when the mass transfer Grashof number (𝐺𝑟 ) is the same order of magnitude of
the square of the Reynolds number (𝑅𝑒 2 ) , the effects of free convection and forced
convection can’t be neglected. In this experiment, heat transfer by natural convection was
studied over a wide range of (2.7849 ≤ 𝐺 =

𝐺𝑟𝑚
𝑅𝑒 2

≤ 35.9419) , heat transfer by forced

convection was studied over a wide range of (0.0971 ≤ 𝐺 =
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𝐺𝑟𝑚
𝑅𝑒 2

≤ 1.0017) , and heat

transfer by mixed convection was also studied over a wide range of (0.1551 ≤ 𝐺 =

𝐺𝑟𝑚
𝑅𝑒 2

≤

9.8676). The experiments were done under turbulent airflow conditions with a wide range
of Reynold number (5.5 ∗ 104 ≤ 𝑅𝑒 ≤ 3.7614 ∗ 105 ), and (3.489 ∗ 1010 ≤ Grm Sc ≤ 2.1658 ∗
1011 ).
Many correlations are available in the literature that were used to predict the
evaporation rate based on similarity method [6, 12, 14, 19, 22, 28, 31, 53]. As mentioned
before, the similarity theory states that convective heat and mass transfer are analogous
phenomena under certain conditions [2, 3]. Similarity theory is valid only at low rate mass
transfer from a horizontal flat plate. Thus, two conditions must be applied to validate the
convective mass transfer at low rate mass transfer, as follow:
1. The water vapor emission is normal to the evaporated water surface. Thus, the
velocity of the horizontal diffusion of water vapor is negligible compared to the
airflow velocity that is measured parallel to the main airflow direction over an
evaporated water surface[47].
2. The normal diffusion of the water vapor into the air must be low enough to permit
that it doesn’t affect the imposed airflow velocity field above the evaporated water
surface. The mass fraction of the water vapor varies from the water surface (𝑚𝑣,𝑠 ) to
the ambient (𝑚𝑣,∞ ) across the concentration boundary layer, the difference of the
mass fraction (𝑚𝑣,𝑠 − 𝑚𝑣,∞ ) must be small enough to apply for the convective mass
transfer. The quantity of mass transfer driving force (𝐵𝑚,𝑣 )must be less than 0.2 [2],
as in the following:
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Bm,v =

mv,s− mv,∞
≤ 0.2
1 − mv,s

4.5

Under the conditions of the current study, it can be observed from the following figure (4.12)
that the similarity theory is only valid when the water surface temperature is less than 65℃;
this is confirmed by Smolsky & Skrgeyev (1962) [104].

Figure 4.12: Mass Transfer Driving Force from Still Water Surface at Airflow Velocity( 𝟎. 𝟒 ≤ 𝑽 ≤
𝟐. 𝟓 )𝒎/𝒔𝒆𝒄.

Also, the airflow velocity above an evaporated water surface was measured at a high water
surface temperature (𝑇𝑠 = 77℃)using the PIV technique, as is shown in figures (4.13-4.19).
Noteworthy that the velocity field is at a relatively low airflow velocity (V= 0.4,0.495,
&0.8125) m/sec is affected by the diffusion of water vapor more than at relatively large
airflow velocity (V= 1.1, 1.65, 2.029, &2.5) m/sec. The transport of water vapor from the
water surface to an adjacent small layer of air with small thickness is about a few
centimeters; when this small layer becomes saturated with water vapor, the evaporation
process will stop. However, the airflow velocity can remove this saturated layer and replace
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it with drier fresh air, and then the evaporation process will increase. Thus, the airflow with
lower velocity isn’t able to remove this saturated layer as fast as the airflow with the higher
airflow velocity. Tang & Etzion [8] stated that the vapor density gradient inside the
concentration boundary layer measured by similarity theory is more than the actual vapor
density gradient. Thus, the evaporation rate measurement based on similarity theory is more
than the actual evaporation rate, and this is approved in the following sections.

Figure 4.13: Average Air Velocity Profile with Water Inside the Flume Tank at 𝑻𝒔 = 𝟕𝟕℃. V= 0.4
m/sec
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Figure 4.14: Average Air Velocity Profile with Water Inside the Flume Tank at 𝑻𝒔 = 𝟕𝟕℃. V= 0.495
m/sec

Figure 4.15: Average Air Velocity Profile with Water Inside the Flume Tank at 𝑻𝒔 = 𝟕𝟕℃. V= 0.8125
m/sec
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Figure 4.16: Average Air Velocity Profile with Water Inside the Flume Tank at 𝑻𝒔 = 𝟕𝟕℃. V= 1.1
m/sec

Figure 4.17: Average Air Velocity Profile with Water Inside the Flume Tank at 𝑻𝒔 = 𝟕𝟕℃. V= 1.65
m/sec
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Figure 4.18: Average Air Velocity Profile with Water Inside the Flume Tank at 𝑻𝒔 = 𝟕𝟕℃. V= 2.029
m/sec

Figure 4.19: Average Air Velocity Profile with Water Inside the Flume Tank at 𝑻𝒔 = 𝟕𝟕℃. V= 2.5
m/sec
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4.1.2.1

Natural Convection Regime

The natural convection under a turbulent airflow regime was done at two ranges of
air velocity (V= 0.4 &0.495 m/sec) with the temperature range of (27℃ ≤ 𝑇𝑣,𝑠 ≤
70℃) , (3.487 ∗ 1010 ≤ Grm Sc ≤ 2.1658 ∗ 1011 ), and over a wide range of (2.7849 ≤ 𝐺 =
𝐺𝑟𝑚
𝑅𝑒 2

≤ 35.9419). The evaporation rate, based on similarity theory, was calculated from

equation (2.44) with the Sherwood number for the natural turbulent airflow equation (2.54).
The following figure (4.20) shows the comparison between experimental results and the
results obtained from the similarity theory. From both cases, the evaporation rate from the
similarity method is much larger than the actual evaporation rate; this is confirmed by Tang
& Etzion [8]. It can be observed that the experimental results and similarity method results
are close when the air velocity is equal to 0.495m/sec much more than when air velocity is
equal to 0.4m/sec because the effect of diffusion of water vapor into the airflow profile is
much more at an airflow velocity equal to 0.4m/sec.

Figure 4.20: Comparison of the Measured Evaporation Rate from Still Water Surface Based on
Similarity Theory with the Experimental Result, at V=0.4 & 0.495 m/sec
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Also, Shah[53]

stated that when the vapor density difference is less than 0.02, the

evaporation rate is significantly affected by the sideways movement of air and stray air
currents, and these parameters can’t be used to predict by ‘’any predictive technique’’. Also,
this concept was confirmed by Sharpley and Boelter[102]. The figures (4.21 &22) show the
comparison between the experimental results with results obtained based on similarity
theory and proposed model based on modified Dalton’s law.

Figure 4.21: Comparison of the Measured Evaporation Rate from Still Water Surface Based on
Similarity Theory and Based on Modified Dalton’s Model with the Experimental Result, at V=0.40
m/sec
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Figure 4.22: Comparison of the Measured Evaporation Rate from Still Water Surface Based on
Similarity Theory and Based on Modified Dalton’s Model with the Experimental Result, at V=0.495
m/sec

4.1.2.2

Forced Convection Regime

The forced convection under a turbulent airflow regime was done at two ranges of air
velocity (V= 2.5 m/sec) with the temperature range of (27℃ ≤ 𝑇𝑣,𝑠 ≤ 77℃), (3.792 ∗
1010 ≤ Grm Sc ≤ 2.0439 ∗ 1011 ), and over a wide range of (0.0971 ≤ 𝐺 =

𝐺𝑟𝑚
𝑅𝑒 2

≤ 1.0017) .

The evaporation rate based on similarity theory was calculated from equation (2.44) with
the Sherwood number for forced turbulent airflow equation (2.57). The following figure
(4.23) shows the comparison between experimental results with the results obtained from
similarity theory and proposed model based on modified Dalton’s law. It's noteworthy that
the similarity theory isn’t able to predict the evaporation rate from a still water surface at
forced convection. In this convection regime, the evaporated water surface isn’t completely
smooth, which violates the assumption of the similarity theory. The disturbance on the water
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surface comes from the high airflow velocity that is formed by small waves, also due to the
high evaporation rate.

Figure 4.23: Comparison of the Measured Evaporation Rate from Still Water Surface Based on
Similarity Theory and Based on Modified Dalton’s Model with the Experimental Result, at V=2.5
m/sec

4.1.2.3

Mixed Convection Regime

The mixed convection under a turbulent airflow regime was done at two range of air
velocity (V= 0.8125, 1.1, 1.65, and 2.029 m/sec) with the temperature range of
(27℃ ≤ 𝑇𝑣,𝑠 ≤ 77℃) , (3.792 ∗ 1010 ≤ Grm Sc ≤ 2.1658 ∗ 1011 ) and over a wide range of
(2.7849 ≤ 𝐺 =

𝐺𝑟𝑚
𝑅𝑒 2

≤ 35.9419) . The evaporation rate based on similarity theory was

calculated from equation (2.44) with the Sherwood number for mixed turbulent airflow
equation (2.58). Based on the literature, the exponent (n) in equation 2.58 should be
between 1 and 3. It can be observed from the figure (4.24) that there is a good agreement
between the actual evaporation rate and the similarity model when exponent n is equal to
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two, and this is also confirmed by [21]. A nonlinear regression analysis was conducted to
evaluate the empirical correlation of the Sherwood number for mixed convection under
G

turbulent conditions with the exponent n as a logarithmic function of the ratio( Rrm2 ) as is
e

shown in figure (4.25), then can be used with equation (2.61) to predict the evaporation rate
from the still water surface under mixed- turbulent convection regime conditions.
Shmixed

Shforced n
= Shfree (1 + (
) )
Shfree

n = 2.27096 − 1.03796 (ln (

1⁄
n

4.6

Grm

Grm

Re

Re

2 )) + 0.161526 (ln (

2

4.7

2 ))

The following figure (4.24) shows the comparison between experimental results with the
results obtained from similarity theory at the exponent n =1,2, & 3 and with the proposed
G

model of n as a logarithmic function of the ratio( Rrm2 ).
e

Figure 4.24: Comparison of the Measured Evaporation Rate from Still Water Surface Based on
Similarity Theory at (n=1,2,3) and Proposed Model with Experimental Results, at (𝟎. 𝟖𝟏𝟐𝟓 ≤ 𝑽 ≤
𝟐. 𝟎𝟐𝟗)𝒎/𝒔𝒆𝒄
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Figure 4.25: The Dimensionless n-Function that Is Described by Equation 2.58, at (𝟎. 𝟖𝟏𝟐𝟓 ≤ 𝑽 ≤
𝟐. 𝟎𝟐𝟗)𝒎/𝒔𝒆𝒄

4.2 Wavy Water Surface
Experimental measurements were done to investigate the evaporation rate from
wavy water surfaces in free, mixed, and forced convection conditions under turbulent
airflow conditions.
𝐻
𝐿
𝐻
𝑇

(0 ≤
(0 <

𝐻
𝐿
𝐻
𝑇

An evaporation rate is obtained for the ratio of wave steepness

≤ 0.19357019) or the corresponding ratio of the wave heights to wave period
< 0.146522) 𝑚⁄𝑠𝑒𝑐,

with

intermediate

gravity

water

waves

ℎ

(𝐿 =

0.15693, 0.35816, 0.47487) . Air velocities ranged from (0.4 ≤ 𝑉 ≤ 2.5)𝑚/𝑠𝑒𝑐. These
experimental analyses were carried out over a wide range of water surface temperature
(27℃ ≤ 𝑇𝑣,𝑠 ≤ 77℃), and over a wide range of
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𝐺𝑟
𝑅𝑒 2

𝐺𝑟

(0.3027 ≤ 𝑅𝑒 2 ≤ 64.0635), and this

range was achieved by applying different airflow velocities on large heated water inside the
flume tank with a wind tunnel.

4.2.1 Natural Convection Regime
Natural convection regime was studied over a wide range of

Gr
Re2

Gr

(9.8163 ≤ Re2 ≤

64.0635), 𝑅𝑒 (5.4908 ∗ 104 ≤ 𝑅𝑒 ≤ 6.0449 ∗ 104 ), and at an airflow velocity of 0.4 m/sec.
This experiment was done over the whole range of water surface temperature and wave
steepness. It can be observed from the figures (4.26 & 4.27) that the evaporation rate is not
constant for a given value of airflow velocity but is also a function of wave characteristics
(𝐻 ⁄𝐿 , 𝐻 ⁄𝑇). In general, in this convection regime, it can be concluded that the evaporation
rate is larger than that measured under the same airflow velocity conditions when no waves
exist on the evaporated water surface because the airflow is smooth and attached along the
still water surface. Also, the evaporation rates somewhat are less than that measured under
the same airflow velocity with smaller wave steepness. When increasing the wave
steepness(𝐻 ⁄𝐿 , 𝐻 ⁄𝑇), the airflow will separate at the lee side of the wave crest near to the
bottom of the wave trough. Thus, the vortex will generate in the region of the airflow
separation, and these vortexes are unstable and cause an increase in the turbulence, then
reduce the resistance of the water surface to vertical transport water vapor then increase
the evaporation rate(0 ≤

𝐻
𝐿

≤ 0.0667).

By increasing wave steepness, the wave crests will be close together, and the airflow
moves from wave crests to another, bypassing the wave troughs. Thus, the airflow will be
smooth compared with the previous airflow regime as the wave surface is covered. Thus, air
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dead region will be created at the lee side of the wave crests near to the bottom of the wave
troughs that would act as a barrier to reduce the transfer of water vapor between the wavy
water surface and the main airflow, so reducing the evaporation rate (0.0667 ≤

𝐻
𝐿

≤

0.1251).
The wave crests begin to break when the ratio of wave steepness exceeds 1/7, and
this is noticed from the following figures. That means the top layer of the waves will move
much faster than the lower layer of the waves. Thus, the breaking waves will generate
bubbles that stimulate the transient airflow to separate and inject the momentum to the
water surface. Thus, decreasing the water surface resistance to mass flux and consequently
increasing the evaporation rate (0.1251 ≤

𝐻
𝐿

≤ 0.194), [30, 105–107]. The airflow structure

over the water surface at airflow velocity (V=0.4 m/sec), as is shown in figure (4.28).
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Figure 4.26: Evaporation Rate under Natural Turbulent Convection Regime at Different Wave
Steepness at V=0.4 m/sec
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Figure 4.27: Evaporation Rate under Natural Turbulent Convection Regime at Different Ratio (𝑯⁄𝑻)
at V=0.4 m/sec
𝐻

(A) Could not be able to take an image at still water surface ( 𝐿 = 0) due to a high water
vapor emission.
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Figure 4.28: Airflow Structure at Airflow Velocity (𝑽 = 𝟎. 𝟒𝒎/𝒔𝒆𝒄) and Water Surface Temperature
𝑯
𝑯
(𝟕𝟓 ℃) under a Wide Range of Wave Steepness( ). (A) Wave Steepness ( = 𝟎), (B) Wave
𝑯
𝑳

𝑳

𝑯
𝑳

𝑳

Steepness ( = 𝟎. 𝟎𝟐𝟐𝟒𝟒), (C) Wave Steepness ( = 𝟎. 𝟏𝟐𝟓𝟎𝟓), and (D) Wave Steepness
𝑯

( 𝑳 = 𝟎. 𝟏𝟗𝟑𝟓𝟕)
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4.2.2 Forced Convection Regime
Forced convection regime was studied over a wide range of

Gr
Re2

Gr

(0.3027 ≤ Re2 ≤

1.742), 𝑅𝑒 (3.4231 ∗ 105 ≤ 𝑅𝑒 ≤ 3.7614 ∗ 105 ), and air velocity of (V = 2.5 𝑚/𝑠𝑒𝑐). Forced
convection regime was done over the whole range of water surface temperature and wave
steepness, as mentioned above. It can be observed from the figures (4.29 & 4.30) that the
evaporation rate is not constant for a given value of airflow velocity but is also a function of
wave characteristics (𝐻 ⁄𝐿 , 𝐻 ⁄𝑇) . Also, in this convection regime, it can be observed that the
evaporation rate is larger than that measured under the same airflow velocity conditions
with no waves existing on the evaporated water surface, as it is concluded from the natural
convection regime.
Noteworthy to notice that the natural and forced convection regime follow the same
pattern, but the slope of increasing the evaporation rate, due to forming a vortex that is
responsible for increasing turbulence then increasing evaporation rate, is much larger than
that observed at natural convection
evaporation rate at (0.0667 ≤

𝐻
𝐿

(0 ≤

𝐻
𝐿

≤ 0.0667), also the slope of decreasing

≤ 0.15) is much larger than that noticed at natural

convection. That’s because the wave breaking at forced convection happened at a higher
ratio of wave steepness than that observed at the natural convection. Also, the slope of the
increased evaporation rate at natural convection is much larger than that observed for
forced convection. Thus, the evaporation rate from the wavy water surface is strongly
affected by specific combinations between wave steepness and the main airflow velocity
above the water surface, and this is confirmed by Phillips (1957)[33]. The airflow structure
over the water surface at airflow velocity (V=2.5 m/sec), as is shown in figure (4.31).
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Figure 4.29: Evaporation Rate under Forced Turbulent Convection Regime at Different Ratio (𝑯⁄𝑳)
at V=2.5 m/sec
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Figure 4.30: Evaporation Rate under Forced Turbulent Convection Regime at Different Ratio (𝑯⁄𝑻)
at V=2.5 m/sec
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Figure 4.31: Airflow Structure at Airflow Velocity (𝑽 = 𝟐. 𝟓 𝒎/𝒔𝒆𝒄) and Water Surface
𝑯
𝑯
Temperature (𝟕𝟓 ℃) under a Wide Range of Wave Steepness( 𝑳 ). (A) Wave Steepness ( 𝑳 = 𝟎), (B)
𝑯

𝑯

Wave Steepness ( 𝑳 = 𝟎. 𝟎𝟐𝟐𝟒𝟒), (C) Wave Steepness ( 𝑳 = 𝟎. 𝟏𝟐𝟓𝟎𝟓), and (D) Wave Steepness
𝑯

( 𝑳 = 𝟎. 𝟏𝟗𝟑𝟓𝟕)
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4.2.3 Mixed Convection Regime
Mixed convection regime was studied over a wide range of

Gr
Re2

Gr

(0.8261 ≤ Re2 ≤

16.3634) , 𝑅𝑒 (1.1203 ∗ 105 ≤ 𝑅𝑒 ≤ 2.2675 ∗ 105 ), and at two ranges of airflow velocities of
(0.8125 and 1.65)m/sec . It can be observed from the figures (4.32 & 4.33) that the
evaporation rate is larger than that measured under the same airflow velocity conditions
with no waves existing on the evaporated water surface. Also, the evaporation rate is
increasing as the airflow velocity increases under the same conditions of wave steepness. It's
important to notice that the wave breaking happened faster at the higher air velocity at the
same convection regime, but it happened at the ratio of wave steepness more than that
observed at forced and natural convection regimes. The airflow structure over the water
surface at airflow velocity of (V=0.8125,1.65 m/sec), as is shown in figures (4.34 &4.35).
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Figure 4.32: Evaporation Rate under Mixed Turbulent Convection Regime at Different Ratio (𝑯⁄𝑳)
at (𝟎. 𝟖𝟏𝟐𝟓 ≤ 𝑽 ≤ 𝟏. 𝟔𝟓) 𝒎/𝒔𝒆𝒄
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Figure 4.33: Evaporation Rate under Mixed Turbulent Convection Regime at Different Ratio (𝑯⁄𝑻)
at (𝟎. 𝟖𝟏𝟐𝟓 ≤ 𝑽 ≤ 𝟏. 𝟔𝟓) 𝒎/𝒔𝒆𝒄
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Figure 4.34: Airflow Structure at Airflow Velocity (𝑽 = 𝟎. 𝟖𝟏𝟐𝟓 𝒎/𝒔𝒆𝒄) and Water Surface
𝑯
𝑯
Temperature (𝟕𝟓 ℃) under a Wide Range of Wave Steepness( 𝑳 ). (A) Wave Steepness ( 𝑳 = 𝟎), (B)
𝑯

𝑯

Wave Steepness ( 𝑳 = 𝟎. 𝟎𝟐𝟐𝟒𝟒), (C) Wave Steepness ( 𝑳 = 𝟎. 𝟏𝟐𝟓𝟎𝟓), and (D) Wave Steepness
𝑯

( 𝑳 = 𝟎. 𝟏𝟗𝟑𝟓𝟕)
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Figure 4.35: Airflow Structure at Airflow Velocity (𝑽 = 𝟏. 𝟔𝟓 𝒎/𝒔𝒆𝒄) and Water Surface
𝑯
𝑯
Temperature (𝟕𝟓 ℃) under a Wide Range of Wave Steepness( 𝑳 ), . (A) Wave Steepness ( 𝑳 = 𝟎),
𝑯

𝑯

(B) Wave Steepness ( 𝑳 = 𝟎. 𝟎𝟐𝟐𝟒𝟒), (C) Wave Steepness ( 𝑳 = 𝟎. 𝟏𝟐𝟓𝟎𝟓), and (D) Wave Steepness
𝑯

( 𝑳 = 𝟎. 𝟏𝟗𝟑𝟓𝟕)

The figures (4.36 & 4.37) show the comparison between the evaporation rate that were
measured under free, forced, and mixed convection at the same conditions of wave
steepness. It can be concluded that no pattern can be followed for which combinations of the
evaporation rate will increase. Thus, only two facts can be noticed: the evaporation rate is
larger than that measured under the same airflow velocity conditions with no waves existing
on the evaporated water surface, and the evaporation rate is increasing with an increase in
airflow velocity under the same convection regime.
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Figure 4.36: Evaporation Rate under Free, Forced and Mixed Turbulent Convection Regime at
Different Ratio (𝑯⁄𝑳) at (𝟎. 𝟒𝟎 ≤ 𝑽 ≤ 𝟐. 𝟓) 𝒎/𝒔𝒆𝒄
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Figure 4.37: Evaporation Rate under Free, Forced and Mixed Turbulent Convection Regime at
Different Ratio (𝑯⁄𝑻) at (𝟎. 𝟒𝟎 ≤ 𝑽 ≤ 𝟐. 𝟓) 𝒎/𝒔𝒆𝒄
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4.3 Conclusion
Three empirical correlations were developed to predict evaporation rate from still
free water surface based on Modified Dalton’s law at different convection regime (free,
forced, and mixed)under turbulent airflow velocity over a wide range of (

𝐺𝑟𝑚
𝑅𝑒 2

). Conventional

Dalton’s based models can not be used to predict the evaporation rate at natural convection
because they don’t consider the effect of vapor density difference, which plays an important
role in this convection regime.
The conventional Dalton’s based models don’t consider the nonlinear relationship
between the evaporation rate and the vapor pressure difference; that’s why conventional
Dalton’s based model can’t be used to predict the evaporation rate at those convection
regimes. Thus, two formulas were developed to predict the evaporation rate at forced and
mixed convection regime after modifying Dalton’s law.
The evaporation rate is proportional to the exponent (n) of the partial vapor pressure
difference, and this exponent was written as a function of the higher-order polynomial of air
velocity to get a good match between experimental results and predicted value. All empirical
correlations found in the literature have been done at a small range of the water surface
temperature. Thus, the partial vapor pressure difference was up to 10 or 11 kpa.
In this experiment, the partial vapor pressure difference reaches up to 32 Kpa.
Therefore, at the forced convection regime, the exponent (n) must be more than one to match
with the experimental result. In this study, we tried to build an equation with the exponent
less than one resulting in getting a good result, but it is only valid for the partial vapor
pressure difference below 11 Kpa. It can be observed that there are many differences
between the proposed models and the previous correlations found in the literature. That’s
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because of different parameters like the size of the evaporation pan used, range of
temperature and pressure considered, different equations used to obtain the partial vapor
pressure and thermophysical properties of the mixture of water vapor and dry air instead of
properties of dry air, and inconsistent height was considered to measure the airflow velocity
above free water surface.
An analogy between heat and mass transfer method was used to predict the
evaporation rate from the still free water surface. In general, the evaporation rate obtained
from the similarity method is much larger than the actual evaporation rate and all empirical
correlations evaluated based on similarity theory are only valid at the range of water surface
temperature less than 65℃ based on the value of mass transfer driving force. The similarity
theory considers the effect of the vapor density difference. Thus, It can be observed that the
experimental results and similarity method results are in good agreement. It's noteworthy
to notice that the similarity theory can’t be used to predict the evaporation rate from still
water surface at forced convection. In this convection regime, the evaporated water surface
isn’t completely smooth, which violates the assumption of the similarity theory. The
disturbance on the water surface comes from the high airflow velocity that is formed from
small waves and is also due to the high evaporation rate.
A nonlinear regression analysis was conducted to evaluate the empirical correlation
of the Sherwood number for mixed convection under turbulent conditions with the exponent
G

n as a logarithmic function of the ratio( Rrm2 ).
e

The experiment was done to predict the evaporation rate from the wavy water
surface under the different convection regimes ( free, forced, and mixed) at turbulent airflow
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𝐺

conditions over a wide range of the ratio (𝑅 𝑟2), water surface temperature, airflow velocity,
𝑒

and wide range of wave steepness (𝐻 ⁄𝐿). The evaporation rate is not constant for a given
value of airflow velocity but is also a function of wave characteristics (𝐻 ⁄𝐿 , 𝐻 ⁄𝑇). The
evaporation rate from the wavy water surface is strongly affected by certain combinations
between wave steepness and the main airflow velocity above the wavy water surface. It can
be concluded that no pattern can be followed for which combinations of the evaporation rate
will increase. Thus, only two facts can be noticed: the evaporation rate is larger than that
measured under the same airflow velocity conditions with no waves existing on the
evaporated water surface because the airflow is smooth and attached along the still water
surface. Also, the evaporation rates somewhat are less than that measured under the same
airflow velocity with smaller wave steepness, and the evaporation rate is increasing with
increase airflow velocity under the same convection regime.
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5. CONCLUSIONS and FUTURE WORKS
5.1 Conclusions
The main objective of this study was to investigate the evaporation rate from the still
and wavy water surface. Based on the literature, the most common method used to predict
the evaporation rate from the still water surface is the empirical correlations developed
experimentally based on the mass transfer method (aerodynamically method).
In this study, the empirical evaporation rate correlations were experimentally
developed from a still water surface using two approaches: Modified Dalton’s law and
Similarity method (analogy between heat and mass transfer). These correlations were
developed for natural, forced, and mixed convection regimes under turbulent airflow.
Regarding Modified Dalton’s law, the following conclusions can be drawn:
•

Conventional Dalton’s law cannot be used to predict evaporation rate from a still
water surface at all convection regimes (natural, forced, and mixed)

•

For natural convection, Dalton’s law was modified to consider the effect of vapor
density difference. Thus, the following correlation was derived:
0.969666

E = 4.26945 ∗ 10−7 (Pv,s − ∅Pv,∞ )

•

1.80978

(ρg,s − ρg,∞ )

For forced and mixed convection regimes, Dalton’s law was modified to consider the
nonlinear relationship between the evaporation rate and the vapor pressure
difference between the water surface and moist air.

•

For forced convection, two formulas were developed to predict evaporation rate in
exponent relation to the power as a function of the first-order polynomial of air
velocity, as the following:
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E = 0.798 ∗ 10−6 (A) (

Pv,s − ∅Pv,∞ n
)
1000

A = 1.61732 − 0.339474 V
n = 1.95283 + 0.212861 V

The above equation is valid at (Pv,s − Pv,∞ ) ≤ 32 Kpa.
E = 0.0344942(A) (

Pv,s − ∅Pv,∞ n
)
1000

A = −0.0356105 + 0.015374 V
n = 1.2086 + 0.10344 V

The above equation is valid at (𝑃𝑣,𝑠 − 𝑃𝑣,∞ ) ≤ 11 𝐾𝑝𝑎.
•

For mixed convection, the empirical correlation was derived in exponent relation to
the power as the function of a higher-order polynomial of air velocity as the following:
E = 1 ∗ 10

−6 (A)

Pv,s − ∅Pv,∞ n
(
)
1000

A = −48.7597 + 84.3239V − 29.6991V 2
n = 10.0645 − 12.8009V + 4.62307V 2

•

The empirically developed correlations were compared with the historical
correlations under similar conditions. The discrepancies found between empirically
developed correlations and the existing correlations come from many factors like:
1. Size of the evaporation pan.
2. They developed empirical correlations based on conventional Dalton’s law
i.e. (𝑃𝑣,𝑠 − ∅𝑃𝑣,∞ )

𝑛=1

.
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3. Height at which the airflow velocities are measured; there is no general
agreement on which elevation is the best for measurements of the airflow
velocity.
4. Measurements for most of the existing correlations were conducted in a
specific experimental site under the narrow range of climatic conditions (air
temperature, surface water temperature, and airflow velocity).
5. Empirical equations were used to evaluate the partial vapor pressure; there
are more than ten equations available in the literature used to calculate the
partial vapor pressure.
6. Thermophysical properties were calculated for dry air instead of moist air at
all the existing correlations.
7. Most of the existing correlations are empirical correlations, and those
correlations were obtained using the regression analysis. Thus, empirical
correlations depend on the statistical analysis technique.

Similarity method is only valid at low rate mass transfer from a horizontal flat, and
smooth water body surface is included. The velocity of the horizontal diffusion is negligible
compared to the main airflow velocity, and the normal diffusion of the water vapor into the
air must be low enough to permit that it does not affect the imposed airflow velocity field
above the evaporated water surface (𝐵𝑚,𝑣 ≤ 0.2) .
Regarding Similarity method, the following conclusions can be drawn:
•

The evaporation rate predicted using the similarity method is much larger than the
actual evaporation rate.
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•

For natural convection, the similarity method takes into account the effect of vapor
density difference. Thus, it can be observed that there is a good agreement between
the experimental results and results obtained using the similarity method.

•

For forced convection, the evaporated surface isn’t completely smooth, which violates
the assumption of the similarity theory. Thus, the similarity method cannot be used
to predict the evaporation rate.

•

For mixed convection, a nonlinear regression analysis was conducted to evaluate the
empirical correlation of the Sherwood number under turbulent conditions with the
G

exponent n as a logarithmic function of the ratio ( Rrm2 ):
e

Shmixed

Shforced n
= Shfree (1 + (
) )
Shfree

n = 2.27096 − 1.03796 (ln (

Grm
Re2

1⁄
n

)) + 0.161526 (ln (

Grm
Re2

2

))

Still water surface is an ideal hypothesis rarely found in the real application. It’s
impossible to find an open surface of water without any disturbance or waves on that surface
as well as closed water surface such as an occupied swimming pool. This experiment focused
𝐻

on intermediate wave depth within the following range of wave parameters (0 < 𝑇 <
0.14437 𝑚/𝑠), and (0 <

𝐻
𝐿

< 0.1935).

The experiment was done to predict the evaporation rate from the wavy water surface, and
the following conclusions can be drawn:
•

The evaporation rate is not constant for a given value of airflow velocity but is also a
H H

function of wave parameters ( T , L ).
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•

For all convection regimes, the evaporation rate is larger than that measured under
the same airflow velocity conditions with no existing waves on the evaporated water
surface because the airflow is smooth and attached along the still water surface.

•

For all convection regimes, the evaporation rate is somewhat less than that measured
under the same airflow velocity with smaller wave steepness.

•

For all convection regimes, the evaporation rate is increasing with increased airflow
velocity under the same convection regime.

•

The evaporation rate is strongly affected by the certain combinations between wave
steepness and the main airflow velocity above the wavy water surface. The
illustration is as follows:
1. Increase the wave steepness (𝐻 ⁄𝑇); the airflow will separate at the lee side
of the wave crest near to the bottom of the wave trough. Thus, the vortex will
generate in the region of the airflow separation, and these vortexes are
unstable and cause the turbulence to increase, then reduce the resistance of
the water surface to vertical transport water vapor then increase the
evaporation rate.
2. Increasing of wave steepness. Thus, the wave crests will be close together, and
the airflow moves from wave crests to another, bypassing the wave troughs.
Thus, the airflow will be smoothed compared with the previous airflow regime
as the wave surface is covered. Thus, the air dead region will be created at the
lee side of the wave crests near to the bottom of the wave troughs that would
act as a barrier to reduce the transfer of water vapor between the wavy water
surface and the main airflow, ultimately reducing the evaporation rate.
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3. At high wave steepness ratio, the wave crests begin to break when the ratio of
wave steepness exceeds 1/7. That means the top layer of the waves will move
much faster than the lower layer of the waves. Thus, the breaking waves will
generate bubbles that stimulate the transient airflow to separate and inject the
momentum to the water surface. Therefore, decrease the water surface
resistance to mass flux and consequently increasing the evaporation rate.
•

For all convection regimes, it can be concluded that no pattern can follow to say at
which combinations of wave steepness and airflow velocity the evaporation rate will
increase.

5.2 Future Works
A number of recommendations for future research are as follow:
•

The biggest reason for the discrepancies between the historical correlations come
from the lack of general agreement on which elevation is the best for measurements
of the airflow velocity. Also, all climatic measurements (air temperature, air relative
humidity, and airflow velocity) must be measured at the same elevation above the
water surface. Thus, the best way to eliminate these kinds of discrepancies is by trying
to measure air temperature, air relative humidity, and airflow velocity at different
heights above the water surface within the concentration boundary layer. Then,
develop a chart where the relationships among the air temperature, air relative
humidity, and airflow velocity with height above the water surface. Then, the general
evaporation rate correlation will develop as a function of these parameters.
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•

The main objective of this research investigates the effect of gravity waves on the
evaporation rate. The current study was done under intermediate gravity wave
conditions. It could be interesting to investigate the impact of deep and shallow water
gravity waves on the evaporation rate.
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